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FOREWORD
This report was prepared by the Research Laboratories of Lockheed Missiles & Space
Company, for the George C. Marshall Space Flight Center of the National Aeronautics
and Space Administration. The work was performed under contract NAS 8- 18114. The
contract was administered by the Research Projects Laboratory of Marshall Space
Flight Center, with Mr. G. M. Arnett as Contract Officer.
This Technical Summary Report describes work performed from Jule 1966 to February
1968. Results obtained under prior contract NAS 8-11266 are also summarized for
technical completeness.
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ABSTRACT
Results are reported on an investigation into the mechanism of solar radiation damage
to the optical properties of ZnO pigments, and ways to inhibit or prevent the damage.
The majority of the experimental work involved studying the optical properties in situ.
A device was specially constructed to monitor the optical properties in vacuum, and
under irradiation. Two spectral regions of damage occur in ZnO; one is in the visible
spectral region adjacent to the band edge, while the other is in the I-R region beyond
0.8 p. This latter damage region was found, through the use of the in situ measure-
ments, to be highly pressure dependant. Large damage observed in situ recovers
completely upon exposure of the sample to oxygen. A number of experiments were
performed to elucidate the mechanism of damage for each region. The parameters
varied included temperature, intensity of irradiation, pressure of oxygen, anc , energy
of incident photons. ESR and electrical properties measurements provided supple-
mentary information. Single crystals of ZnO were also studied. A model is proposed
based on this portion of the experimental program. With reasonable confidence the
uv induced I-R absorption is attributed to excitation from bound donor states associated
with oxygen vacancies resulting from lattice photolysis. The induced visible absorption
is tentatively assigned to defect states or to lattice strain resulting from diffusion of
surface zinc into the particle bulk. With this model as a basis, a stabilization tech-
nique is proposed. Introduction of acceptors should inhibit or prevent the damage
both by acting as hole traps and by reducing the occupancy- of oxygen vacancy defect
states, or adsorbed oxygen states. The acceptor Cu was introduced into the latt>ce
and significant infrared stabilization did occur. Experiments were performed to
characterize the effect of the dopant. A preliminary formulation of a paint utilizing
the doped pigment in a silicone binder also displayed an inhibition of I-R damage.
xi
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Section 1
INTRODUCTION
1.1 BACKGROUND
Operational sprcecraftperformance is strongly dependent on the degree to which com-
ponents can be maintained within their designed temperature limits. Since the
exchange of radiant energy between the vehicle and its environment determines the
temperature, the optical properties of the exterior surfaces necessarily play a criti-
cal role Ln temperature control. Design requirements frequently necessitate the use
of a surface with a low ratio of solar absorptance, a s , to emittance, E . The type
Of low a siE surface most commonly employed on spacecraft is a white coating com-
posed of a high refractive index pigment dispersed in a binder with a lower .refractive
index. These surfaces are generally susceptible to damage by natu ral or induced
radiation in space, resulting in _ncreased vehicle temperatures as a larger fraction of
the incident solar energy is absorbed by the degraded coating (Refs. 1 — 17).
These changes in thermal control properties have emphasized the necessity for obtain-
ing better insight into the nature of the damage mechanisms in thermal control coating
systems. Knowledge of the damage mechanisms would greatly simplify the problem
by providing a rational basis both for the design of environmental tests and for inter-
pretation of the resulting data. Ultimately, such knowledge would guide materials
specialists in the development of optimum materials.
The complexity of both the pigment-binder systems and the total space environment
precludes a comprehensive investigation of the combined aspects of space radiation
induced degradation. However, of all sources of radiation encountered in space, the
rnv portion of the solar spectrum is the most important source of damage to low a 
s 
A
surfaces. In regard to the coating systems, changes in the optical properties of the
pigment portion generally dominate, so that investigations can be restricted to that
component. Zinc oxide was selected as the subject of the investigations on the basis
1-1
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of its being representative of a class of white pigments in use in promising thermal
control coatings as well as being relatively well characterised in terms of optical,
electrical, and transport properties.
The investigation then, has been devoted to an experimental study of the optical
behavior of particulate samples of ZnO. Such samples have been exposed in vacuum
to radiation of wavelengths between 0.2 and 2. 6 u. Parameters varied in both initial
exposures and studies of damage reversibility were flux density, spectrum, and time
of exposure. Selected exposures were performed in which the bidirectional spectral
reflectance of the sample was monitored during exposure (in situ). The in situ
measurements provide the key to comprehensive detailed knowledge of optical damage
to particulate samples. Photoconductivity measurements have been used to char-
acterize the damage processes and to correlate optical and electrical properties in
ZnO. Electron spin resonance (ESR) techniques have been useful in characterizing
radiation induced defects. In addition, single crystals of ZnO have been irradiated,
in an attempt to ascertain the relative importance of surface and bulk damage
processes.
A parallel theoretical and experimental program to describe the pertinent bulk and
surface properties of ZnO has been carried out. The goal of these parallel efforts
has been to formulate a comprehensive explanation of phenomena observed in the
particula..: samples. Selected measurements of optical properties of ZnO single
crystals were performed to formulate a coherent picture of ZnO optical behavior.
This report presents a comprehensive documentation of the results obtained under
Contract NAS8-18114 as well as a reiteration of work performed under Contract
NAS8-11266. This document, therefore, represents a state-of-the-art synopsis of
solar radiation induced damage to the optical properties of zinc oxide.
1.2 ZINC OXIDE PROPERTIES AFFECTING OPTICAL BEHAVIOR
ZnO is a II-VI compound semiconductor which crystallizes in the hexagonal wurtzite
structure (B4-type). The binding is largely polar, but there is also significant
1-2
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covalent binding; ZnO stands somewhat between the polar alkali halides and the
covalent-bonded Group IV semiconductors.
The energy gap of ZnO is 3.2 eV (0. 38 u) at 300°K and appears to be a direct gap
located at the center of the Brillouin zone. The optical absorption coefficient has the
characteristic steep rise at this energy and reaches a value greater than 2 x 10 5 cm-1
at photon energies greater than the band gap. The ultraviolet reflection spectra
(Ref. 18) is just beginning to receive serious attention and will play a strong role in
elucidating the overall band structure of ZnO. Infrared studies on single crystals
have revealed the characteristic lattice absorption spectra of ZnO, and also distinct
free carrier absorption effects. Electron paramagnetic resonance, visible and
infrared absorption, photoconductivity, and luminescence studies have provided some
information on the details of the impurity levels in ZnO.
ZnO is an n-type semiconductor; hole conductivity has not been observed to date.
The conduction band has an effective mass of 0.27 m  (where m  is the rest mass
of the free electron) and an electron mobility of 60 cm /V-sec at 300°K (Ref. 19).
The resistivity of ZnO crystals can be varied over a wide range by doping; from
about 10 -2
 Q-cm to greater than 10 11 0-cm at 300°K. Extensive transport studies
have been carried out on ZnO and many of its basic semiconducting properties have
been characterized.
Because ZnO has been rather thoroughly studied, there is a relatively large amount
of information concerning its transport, optical, photoconductive, and catalytic
properties. Some of these properties of ZnO which have a direct bearing on the
formulation of the ultraviolet damage mechanisms are discussed in detail.
1.3 SURFACE PHENOMENA
Before discussing photoconduction and degradation effects in ZnO, it is important to
point out some of the pertinent phenomena which occur at semiconductor surfaces.
For simplicity, we will consider an n-type semiconductor as is the case for ZnO. In
Fig. 1-1 we have indicated w semiconductor surface with a net negative charge and in
Fig. 1-2, a surface with a net positive charge.
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A negative surface charge will repel electrons near the surface creating a depletion
region (depleted of electrons) with a net positive charge near the surface due to
ionized donors. The potential barrier height V s is produced at the surface, bending
both the conduction and valence bands upward (with respect to the bands in the volume
of the crystal). It should be noted that in this case holes in the depletion region are
strongly attracted to the surface.
A positive surface charge on the other hand, will attract electrons toward the surface
causing an accumulation layer of electrons adjacent to the surface. In this instance
the bands bend downward at the surface with respect to the bulk; holes in the valence
band are repelled from the surface.
Without developing the relationship between the donor density, barrier heights, surface
charge and space charge dimension P, it is important simply to point out the magni-
tudes of these quantities expected in ZnO crystals and pigments; for a full treatment
see G. Heiland (Ref. 20). The maximum surface charge density, as would exist in
an atmosphere of air will be — 10 12
 to 10 13
 charges/cm 2 . In vacuum the surface
charge density will in general be much less than this. At this maximum surface charge
density and with donor concentrations in the range of 10 16 to 10 18 charges/cm 3 , the
barrier height Vs
 will be in the range of 0. 1 to 1.0 eV and the depletion region depth
will be of the order of 100 to 1000 A. These are the magnitudes of the effects to be
expected in the pigments under investigation in this contract.
The phenomenon of surface conduction in a ZnO crystal occurs, for example, when
the surface has been reduced; say with hydrogen or excess zinc. This will produce
the band bending shown in Fig. 1-2 where the electron conduction now occurs pre-
dominately in the accumulation region near the crystal surface. The bulk conductivity
is observed to also be enhanced under these conditions. This is the result of donors
diffusing inward to provide additional free carriers. The diffusion distance does not
have to be any greater than the accumulation layer depth which is relatively small
0100 to 1000 A) .
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Another important feature to bear in mind is the relationship between the Fermi level
in the crystal and the location of the surface states in energy in determining the type
and degree of band bending at the surface, First let us consider a negative surface-
charge state with a sufficiently small density (<< 10 12 charges/cm 2 ) such that the
Fermi level is not pinned at the surface state. Then if the Fermi level is above the
energy level of the surface state, that surface state will contain electrons and provide
a negative surface charge. If the Fermi level is below the surface state, it must be
depleted of electrons, and no negative surface charge will exist. This model is shown
in Fig. 1-3 for the two cases, where it will be noted that the usual depletion region
and upward band bending occurs in the first case and no band bending occurs in the
second case. By appropriate doping of the ZnO crystal, the Fermi level in the bulk
can be lowered. e. g. , down to approximately midway between conduction and valence
bands by Li or Cu substitutional impurities. It is then possible to control the band
bending at the surface by changing the volume characteristics of the crystallites. If
the surface charge density is sufficiently large, however, then the Fermi level at the
surface will be anchored at the surface impurity level, regardless of the position of
the Fermi level in the bulk of the crystal. Therefore, it can be seen that modification
to the position of the Fermi level in the bulk of the crystallites can produce marked
changes in its surface properties such as its photoad sorption-de sorption characteristics.
1.4 BULK IMPURITY STATES
Donors. The known donor states are interstitial Zn and interstitial Li and Cu when
added as impurities. Also, Group III elements such as Ga and In when incorporated
substitutionally act as donors. These levels, which vre singly ionized, exist — 0. 05
eV below the conduction band and appear to take the form of simple hydrogen-like
impurity levels. It should be noted than an electron in a hydrogen-like impurity state
near a band edge will have a binding energy of
E = 13. 6 m* eV
K
where m* is the effective mass of an electron in the band in question and K is the
static dielectric constant (K = 8. 5 for ZnO). As an example, for an electron in or
1-6
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"near" the conduction band of Zn0 we have m* = 0. 27 m  (Ref. 19) and therefore
F __ (l. 36) (0. 27) N 0. Obi eV
in reasonable agreement with the singly ionized states observed. Oxygen vacancies
can also exist; the singly ionized vacancy having the binding energy of approximately
that of the singly ionized interstitial donors and the doubly ionized vacancy being
approximately 0. 8 eV below the conduction band edge. The doubly ionized state has
definitely been observed in electron paramagnetic : csonance work (Ref. 21) and
being doubly ionized can act as an electron trap. In fact, the 2.4 eV luminescence
of ZnO has been ascribE ,d to the radiative transition between this level and the valence
band.
Acceptors. Monovalent Cu and Li act as acceptors in ZnO, when they substitute for
Zn in the lattice. The level of the Cu acceptor from the valence band is somewhat
uncertain: however the Li acceptor level appears to exist — 0. 85 eV above the valence
band. These acceptor centers have a net negative charge in the lattice when ionized,
which is generally the case; i. e. , the acceptor levels lie beneath the Fermi level.
The impurity levels are summarized in Fig. 1-4.
1. 5 FAST PHOTOCONDUCTIVITY AND TRAPPING
The most comprehensive investigation of the nature and energy spectrum of the car-
rier trapping states in ZnO was made by Heiland (Ref. 22). In this work he investi-
gated both field effect and photoconductivity in the surface conduction region of single
crystals. Basically, the field effect will determine the effective mobility of the
electrons in the space charge region which is determined by the density of states
distribution for the electron traps, and the photoconductivity determines the density
of states for the hole traps. The essential results of these studies can be summarized
as follows:
• The trapping of excess holes or electrons is not determined by the dark
surface conductivity, that is by the density of surface charges.
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Fig. 1-4 Bulk Impurity States
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• The electron mobility increases and the photoconductivity decreases with
increasing intensity of radiation with energy greater than or equal to the
band gap. This says that electron trapping (from field effect) and hole
trapping (from photoconductivity) decreases with increasing illumination.
• Both of the above results would occur if the quasi-Fermi levels for the
electron and holes (each quasi-Fermi level approaches the corresponding
band edge with increasing illumination) are moving through a continuum of
trapping states. A quasi-Fermi level is teed  to describe electron and
hole distributions under steady-state nonthermal equilibrium conditions.
In the case of photoconductivity the quasi-Fermi levels describe the
separate distribution functions of the electron and hole densities produced
by the illumination.
• The density of states of trapping levels for electrons and holes obtained
in Heiland le work indicates a preponderance of trapping levels found near
the conduction and valence band edges. It is difficult to interpret from
his results alone what the actual spectrum of trapping states is because
of the complexities of the situation at the crystal surface. In fact, the
spectrum he finds can be reasonably accounted for simply by assuming
that the quasi-Fermi level passee'through a single trapping level in the
region near the surface where the bands are bent. It should be mentioned
that this observed density of states could also be the result of a single level
that crosses the Fermi level inside the space charge layer because of band
bending.
• The electron traps are located at the surface or in the space charge region
and they are not effective in recombination. Also the traps for electrons
must be located near the traps for holes with regard to the distribution of
charge; a spatial separation of the two levels of traps would result in bending
of the bands and great changes in the surface conductivity which is not
observed.
• The hole trapping effects indicate that the holes are protected against recom-
bination with electrons. This can only occur if, in the trapped state, the
trap still has a negative charge. Therefore, the hole traps must have a
double negative charge when empty of holes. Oxygen ions, O , at the
J
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surface can satisfy this requirement, but the hole trap density has been shown to be
independent of the coverage of the surface with adsorbed oxygen (over four orders of
magnitude). Therefore the oxygen bound in the lattice may provide hole traps at the
surface or additionally in the bulk.
1.6 SLAW PHOTOCONDUCTIVITY
In addition to the fast photoconductive process which is electronic in origin, there is
a slow photoconductive process which is related to the adsorption and desorption of
oxygen from the surface. This process is characterized by a sluggish rise (minutes
to days) of the conductance during irradiation and a similar decay upon cessation of
the irradiation. The general characteristics of this photoconductivity, such as its
time-dependence and saturation level, depend on the experimental conditions such
as light intensity, temperature, and ambient pressure. The general features of the
experimental results can be understood in terms of the photoadsorption-desorption
mechanism discussed below.
This slow process is irreversible in a vacuum to the extent that although there is a
slow decay of the conductivity after the irradiation is stopped, the initial conductivity
is not regained. However, admission of air accelerates the decay and, eventually,
the initial conductivity is regained. It has been noted that there is an attendant pres-
sure rise in the system when the ZnO is irradiated and a corresponding decrease in
the pressure when the irradiation is stopped. The kinetics of this photoaesorptive
and photoadsorptive process have been extensively investigated. The results clearly
show that the kinetics of the slow photoconductance behavior are determined by the
kinetics of the photoadsorption-desorption process. Studies of the photocatalytic
behavior and surface potential measurements of ZnO give a further clue to the proc-
esses involved. In particular, it has been shown that oxygen is adsorbed both phys-
ically and chemically, the chemisorbed Form resulting in a negative surface charge.
The exact species involved have not been conclusively determined, but the most likely
chemisorbed forms are O and O Their activation energies lie in the range 0.5
to 1.5 eV; the physically adsorbed species about 0. 05 eV. Reduced ZnO, on the other
hand, has been shown to have a. positive surface charge. As an e=xample, heating ZnO
in an atmosphere of H 2 at elevated temperatures results in a positive surface charge.
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Also, changes in the surface ^' 	 . LnO have been brought about by variations in
the Fermi level as a result of bulk doping of the crystal. Doping with Li, for instance
(which is an acceptor when Incorporated substitutionally) lowers the surface charge by
emptying the negatively charged surface states as a result of the lower Fermi level
(Ref. 23)
With this background information we are in a position to discuss a mechanism which
best relates these observations. The negatively charged surface resulting from the
adsorption of oxygen on ZnO is considered to consist of negative oxygen ions which
have been formed by the transfer of conduction electrons to the adsorbed species. If
adsorbed at low temperatures O is considered to be the predominant species and if
adsorbed at high temperatures (above 200° C) O is more likely. In addition to these
chemisorbed species, physically adsorbed oxygen is also present. The adsorption of
oxygen on the surface thus gives rise to a decrease in conductivity by removing elec-
trons from the conduction band. This electron transfer creates a compensating space
charge layer of ionized donors and a Schottky barrier is formed, i. e. , the negative
charge on the surface gives rise to an upward band-bending at the surface. This is
the normal configuration of a ZnO surface in air as in Fig. 1-1.
The adsorbed ions can be desorbed by illuminating the surface with band-gap light in
the following way. When band-gap light is incident on an oxidized ZnO surface, I. e. ,
one that has a negatively charged oxygen surface layer, an electron-hole pair is created
and the holes will be accelerated by the field to the surface where they neutralize a
negative charge on the oxygen. The oxygen is now only physically adsorbed. The
electron created by the action of the light is weakly attracted to this physically adsorbed
oxygen and is available for conduction only after the oxygen is desorbed. Thus the
rate of increase in photoconductivity is determined by the rate of desorption of the
physically adsorbed oxygen. Therefore, it can be seen that the photoconductive
response will increase at _ rate which is initially relatively independent of the ambient
oxygen pressure. however the saturation value of the photoconductivity will depend
on the ambient oxygen pressure such that in a vacuum the photoconductivity will show
a gradual increase which will ultimately saturate at much higher levels than the cor-
responding level in an oxygen atmosphere.
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When the irradiation is stopped, the decay time of the photoconductivity is essentially
determined by the rate at which electrons can overcome the surface barrier to create
chemisorbed oxygen from the physically adsorbed oxygen. When oxygen is admitted
to this system, the rate of decay is increased because there are more physically
adsorbed oxygen sites to accommodate the electrons.
In general, these processes appear to dominate the slow photoconductive effects.
However, the situation is in fact much more complicated. As an example, during
the slow process diffusion of such species as oxygen vacancies snd excess zinc
occur. This diffusion not only would modify the rate of the observed effects but
through electron trapping can modify the electron mobility in the space charge region
and consequently the magnitude of the photoconductive effects.
1.7 WORKING DEGRADATION MODEL
I CT
Obviously, the degradation of the optical properties of ZnO by ultraviolet radiation is
a complicated phenomenon. However, in this section, we would like to outline a
degradation model in a general sense and then point out those features which are un-
certain at the present time. For this outline, we will first start with a ZnO particle
in an oxygen atmosphere. The surface (shown in Fig. 1) should take on a net negative
charge due to electrons bound to the oxygen atoms at the surface. The potential bar-
rier produced at the surface is such that electrons will be repelled and holes will be
attracted to the surface within the space charge layer. The volume near the surface
will therefore be a depletion region because ZnO is an n-type semiconductor.
When ultraviolet radiation of energy greater than the intrinsic energy gap (3.2 eV) is
incident on the sample, electron-hole pairs are created within the bulk of the crystal
or particle; the absorption depth for the radiation is 0. 1 µ or less. The electrons
have difficulty in getting to the surface but the holes will be accelerated to the surface
by the action of the strong electric field in the space charge region. The holes recom-
bine with the O at the surface and change the oxygen from the chemisorbed to the
physically adsorbed form which then can leave the surface with relative ease. The
activation energy for physical adsorption is roughly 0.05 eV. This process results
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in oxygen leaving the surface which becomes Zn rich. Furthermore, this Zn rich
surface layer gives a positive contribution to surface charge thus decreasing the
band bending and potential barrier at the surface. As the degradation proceeds the
surface charge will tend to change to a net positive charge and the bands at the sur-
face will begin to bend down (Fig. 1-2). Under this condition the holes have a retard-
ing potential at the surface to overcome and the rate of charge neutralization slows
down severely. Thus the degradation process (loss of oxygen) proceeds initially at
a rate largely determined by the rate of evolution-of adsorbed oxygen and eventually
at a rate limited by the arrival of holes through the retarding potential of the positive
surface charge.
With this general trend outlined, the next step is to ascertain what changes produced
by this oxygen loss manifest themselves as the permanent damage observed in various
spectral regions by the reflectivity from pigments. Two general consequences are
expected to result from the oxygen loss. Changes in the band-bending can be expected
to modify the availability for optical absorption of the defect states already present in
the ZnO crystallites because of changes in the relative positions of the defect states
and the Fermi level. Diffusion of defects and impurities is also expected to occur
and would give rise to additional absorption.
There is one consequence of the degradation model which should be pointed out. The
model would predict that the photodesorption rate of oxygen from the surface should
be significantly retarded if the Fermi level in the bulk of the crystallites can be low-
ered sufficiently. This should occur regardless of whether the Fermi level is pinned
at the surface state energy or not. If it is not pinned and the Fermi level can be low-
ered beneath the surface state energy the surface charges will be depleted of electrons
and the photodesorption rate should be decreased. If the Fermi level is pinned at the
surface (which will occur at large surface coverage) a lower Fermi level in the bulk
of the crystallites will decrease the band bending. It can even cause the bands to
turn down at the surface depending upon the relative Level of the bulk Fermi level
and the surface state energy. This decreased band bending will also tend to decrease
the photodesorption rate.
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The lowering of the Fermi level in the bulk of the crystallites can be accomplished by
Cu or Li substitutional doping. However, doping the pigments with Cu or Li will tend
to give added optical absorption in the energy region just below the band gap, such
that the overall visible reflectivity may be slightly lower than that for an undoped
pigment. Thus, with doping, the pigment might start out slightly degraded but sub-
sequent ultraviolet degradation may be greatly reduced if not eliminated.
The specific application of this model to the experimental results of the degradation
effects observed in ZnO pigments will be discussed throughout this report.
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Section 2
SAMPLE CHARACTERIZATION
This section describes the raw materials used in this study and any preparation pro-
cedures used which affect the results of experimental studies on these materials.
Considerable attention is devoted to characterizing the effects of pressing and sinter-
ing of particulate ZnO. In addition substantial effects on particulate ZnO due to
vacuum pump ion discharge and to incorporation of the particulate ZnO into a binder
matrix are noted. The detailed mechanisms of these influences on the optical proper-
ties and uv stability of ZnO are not fully understood at this time but it is pertinent to
note their significant effects.
Three types of samples were used in this study: ZnO single crystals, moderately high
purity ZnO powders, and a ZnO pigmented methyl silicone paint. The reason for this
variety of systems studied is that by looking at the ZnO in different forms, i. e. , the
powder and single-crystal forms, it is possible to distinguish between surface and
bulk effects as well as between defect and intrinsic effects.
The advantage of studying the single crystal in conjunction with the powders 'is that
single crystals have fewer defects, and a measurement of their optical properties
involves fewer surfaces. Most fine-particle-size powders, such as SP-500, are made
in such a way as to incorporate an enormous amount of defects in the particles. These
defects may take several forms, a few of which are vacancies, dislocations, twinning,
and grain boundaries. By contrast, the single crystal is prepared very carefully,
and grown slowly so that the defect level may be considered near a minimum. An
optical measurement is made on a single crystal by shining light on it and measuring
the portion transmitted. This involves only two surfaces. The powder, on the other
hand, is measured optically by measuring the energy that is reflected by it. Before
this energy may be reflected, it must have been transmistted through, reflected from,
and scattered from many particles. Thus, measurements made on powders are more
sensitive to surface properties than are single crystal measurements.
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When a model is to be constructed, it is necessary to know where the damage centers
are generated, where they reside, and whether they involve creation of defects or
defects that were already present. Thus the contrast and comparisons between single
crystals and powders, which represent two extremes in these respects, can be quite
revealing.
2. 1 ZINC OXIDE SINGLE CRYSTALS
The experiments carried out on single crystals in the present contract were designed
to demonstrate the applicability of single crystal studies to the understanding of the
mechanisms of solar irradiation induced damage to thermal control pigments. We
feel that studies on single crystals are important for the following reasons:
• Surface and bulk effects can be unambiguously differentiated.
• Important parameters such as the Fermi-level and defect distributions are
more clearly determined than in particles so that defect production may be
delineated from the redistribution of carriers in existing defects.
• Defects and surface state properties can be characterized more accurately
in single crystals by more definitive techniques.
Lithium doped and undoped ZnO single crystals were obtained from Minnesota Mining
and Manufacturing Company. The 1 em long ingots of hexagonal cross section approxi-
mately 5 mm in width were sectioned parallel to the hexagonal face, mechanically
polished, and then cleaned with solvents. The resulting transparent hexagonal wafers
are about 1 mm thick.
2.2 ZINC OXIDE POWDEPS
The major portion of the experimental program has been concerned with studies of
particulate samples of zinc oxide. The emphasis on this type of sample is especially
appropriate in view of the particulate nature of the pigments incorporated into thermal
control paints. Since this program is concerned with the effects of solar radiation on
the optical properties of the pigment exclusively, it has been necessary to devise
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methods of sample preparation which preserve the integrity of the zinc oxide particles
without significantly altering the original properties of the pigment. Samples prepared
by controlled pressing and sintering of zinc oxide powder have been found to adequately
meet these requirements.
In the first phase of the study all particulate samples were prepared from ZnO powder
supplied by Merck and Company, Batch Number 52319. An analysis of the material,
indicating the maximum impurities, is shown below:
Arsenic 0.0002%
Calcium and Magnesium 0.010
Iron 0.001
Lead 0.005
Manganese 0.0005
Insoluble in H2SO4 0.01
Chloride 0.001
Nitrate 0.003
Phosphate 0.001
Sulfur Compounds 0.01
Maximum total impurities 0.0417%
-On the basis of this analysis, the zinc oxide utilized in this program has a purity of
better than 99.9%.
In the second phase of the program, all particulate samples were prepared from ZnO
powder supplied by New Jersey Zinc Company. The powder, designtated SP-500 has a
nominal stated purity of 99.9%, but there is no breakdown of the 0. 1% impurities.
The change in material was made so as to more closely relate for uv degradation
characteristics of the ZnO powder and the paint which uses the same pigment. With
respect to initial spectral reflectance and uv degradation the two powder materials
exhibited qualitatively similar behavior. However, differences were noted both in
optimum preparation procedures and in the magnitude of uv degradation. These
differences are noted where relevant in subsequent paragraphs.
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As the program progressed it became of interest to study particulate samples doped
with Group I elements, which act as electron acceptors when incorporated substitu-
tionally in the ZnO lattice. Efforts to dope SP-500 with lithium in order to provide
comparisons with the lithium doped single crystals were unsuccessful. Subsequently
success was achieved in doping SP-500 with copper in concentrations varying from
20 to 500 parts per million. The procedure used is to mix SP-500 with an aqueous
solution of CuSO4
 in the desired proportion followed by drying at 150° C for 2 hours.
Firing of the dried surface-coated powder at 800° C in air results in substitutional
incorporation of Cu in the ZnO particles. The lightly sintered powder is then reground
into a coarse powder, fired briefly at 600° C in air and quenched. Then the doped
powder was pressed into a pellet at 1000 psi and sintered for uv degradation and
electrical conductance measurements. Pellet sintering was performed at the same
conditi-,ns as those used for undoped SP-500 powder described in subsection 2.4.
All powder samples, doped and undoped, were tested as disks 3 mm thick and 2 cm
in diameter. These were prepared by pressing the loose powder in a mold at a
prescribed pressure, then placing the packed disk in a high-temperature oven for
sufficient time to produce light sintering. The studies undertaken to determine opti-
mum preparation procedures for each material are described in the next sections.
2.3 ZINC OXIDE PIGMENTED PAINT
The paint used in Section 3 was S-13, prepared by the Illinois Institute of Technology
Research Institute. Samples consist of 2.5 cm diameter aluminum disks coated to a
thickness of approximately 5 mils by successive application of numerous thin coats.
This paint incorporates SP-500 ZnO pigment into a methyl silicone elastomer binder.
It has been found that the uv degradation characteristics of the paint are qualitatively
equivalent to those of the sintered pigment, as studied in the bidirectional reflectance
equipment. It appears that the process of milling the pigment into the silicone vehicle
does affect the magnitude of uv degradation exhibited by the paint but riot the spectral
characteristics of that degradation. There does not appear to be any degradation due
to chemical interaction between vehicle and pigment or any degradation attributable
to the silicone vehicle itself.
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The paint to be discussed in Section 5 was prepared at Lockheed briefly as follows.
A one to one mixture of ZnO and silicone was ball milled together. The mixture was
suspended in toluene, and the resulting mixture brush applied to the substrates.
This paint does not have the same reflectance properties as S-13, as will be seen in
Section 5. This is not surprising considering the relative durations of effort applied
to this problem by Illinois Institute of Technology Research Institute (UTP.1) and
Lockheed. The relevant point, however, is that the optical properties quite likely
reflect a difference in the state of the pigment between IITRI ' s formulation and ours.
This may well mean that experiments performed on this formulation are only qualita-
tively significant. Obviously there is need for much further development in paint
formulation as well as doping procedures.
2.4 STUDIES ON PRESSLNG PARTICULATE ZINC OXIDE
The major concelftual problem involved in the sample preparation procedure is the
rw production of reproducible, mechanically stable samples, composed of 7.110 particles.
It is felt that the zinc oxide in the composed samples should be identical to the original
powder material from which they are formed. Unfortunately, loose powder samples
are not amenable to handling and have no structural integrity. In this regard, pressed
and sintered samples provide an adequate compromise. Under mild forming conditions
the particles contained in the sintered samples have been shown to retain their original
geometry to a large extent.
The effect of forming pressure has been investigated in an effort to ascertain the
minimum pressure necessary for adequate compaction, as well as to examine the
effect of mechanical damage on powder samples. In the first phase of the study,
samples of Merck ZnO powder were pressed at pressures ranging from 0 to 102, 000
psi and sintered at 650° C in air. The reflectance for samples pressed at 12, 000 to
102, 000 psi are shown in Fig. 2-1. It was found that a minimum pressure of 10, 000
psi was required for the formation of physically sound Merck pellets in the absence of
any binding additives. Therefore no spectra are shown for pressing pressure belowI r-
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12, 000 psi. The spectra etiibit progressive infrared and visible reflect;wce degrada-
tion with increasing pressure. Consequently the optimum pressing condition was
selected as 10, 000 psi, the minimum condition for stable Merck samples. All sub-
sequent Merck samples were pressed at that pressure.
When the change was made to 6P-500 powder, the effect of pressing pressure was re-
examined. Surprisingly it was found that sufficient mechanical integrity was achieved
by pressing SP-500 at 600 psi as compared to 10, 000 psi. Therefore all subsequent
SP-500 samples have been pressed at 600 psi.
The large discrepancy between 600 psi and 10, 000 psi is difficult to explain. It is
possible that much of the difference is due to instrument error in the case of 10, 000
psi, but that equipment has been dismantled and cannot be checked. The 600 psi condi-
tion has been verified. Part of the difference in pressure requirement may be attribu-
table to the difference in powders, the Merck particles being roughly spherical and the
SP-500 acicular. This discrepancy will not be belabored because it is not cruical,
but it does bear on the uv degradation results in the following manner. It was found
that Merck samples pressed at progressively higher pressures exhibited progressively
more uv damage, Fig. 2-2. It can be seen in Section 3 that in general Merck samples
exhibit more uv degradation than do the SP-500 samples. The difference between
10, 000 psi and 600 psi pressing may account for the degradation differences.
Further studies on pressing were performed with SP-500 to gain insight into the
mechanism of reflectance degradation due to pressing. Samples were pr- 3sed at 600
and 20, 000 psi, and then sintered at 600° C for 30 min. Reflectance was measured
before and after sintering. The I-R reflectance decreased with increasing pressure
as shown in Fig. 2-3, but was unaffected by sintering. Another sample pressed at
20, 000 psi was remilled lightly and pressed at 100 psi before sintering. This sample
evidenced recovery of I-R reflectance from 0.82 after pressing at 20, 000 psi to 0.80
after milling and pressing at 100 psi. These data confirm the observations of Schatz
(Ref. 24) on a number of compacted metal oxide powders and his explanation that the
reflectance decrease is due to "frustrated total reflectance" resulting from increased
r
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compacting and less efficient scattering. He confirmed this by also measuring normal
transmission of the powders which increased sufficiently to account for the reflectance
decrease.
The evidwice on visible reflectance degradation due to pressing and sintering is far less
conclusive. Figure 2-3 shows a marked increase in visible absorption after sintering
the sample pressed at 20, 000 psi. Only a fraction of this visible absorption appears
prior to sintering. Hence it appears that diffusion may play a centeral role in the
occurrence of this absorption. This absorption is strikingly similar to that observed
in single crystals heated in zinc vapor (Ref. 25). The solubility of zinc in ZnO is very
low f N 1012 cm-3 extrapolated from measurements by Thomas (Ref. 26) ] at 100° C and
cannot account for the observed absorption. However, it is possible that significantly
greater concentrations of zinc atoms or ions may precipitate at defects, such as dis-
locations, which probably exist in large concentrations after high-pressure forming.
Additional evidence related to the visible absorption due to pressing and sintering may
be given by a comparison of Figs. 2-4 and 2-5. At 21 µ (0.05 eV) there is evidence
for a slightly increased absorption in the sample pressed at 20, 000 psi. This energy
is characteristic of the first ionization energy for interstitial zinc. This lends support
to the increase in excess zinc due to high pressure pressing proposed above, some of
which will take interstitial positions. However, this evidence can be viewed as cir-
cumstantial and is trictly tentative.
2.5 STUDIES ON SINTERING PARTICULATE ZINC OXIDE
Although the pressing operation performed on the zinc oxide powder forms the material
into pellets, they do not have appreciable mechanical stability unless they are sintered.
The effects of sintering temperature, time, and atmosphere have been investigated in
an attempt to determine the mildest conditions compatible with adequate sample
integrity. The criterion by which the extent of sintering was determined was surface
area, as measured by nitrogen adsorption using the standard Brunauer-Emmett-
Teller (BET) technique. The surface area of the unsintered Merck zinc oxide was
found to be 3.54 m 2/gm, corresponding to an average particle diameter of 0.3 p.
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The effect of sintering temperature was determined by measuring the final surface
areas of Merck samples sintered in air at various temperatures in the range 500 to
1000°C, for times varying between 5 min and 2 hr. Sintering at the higher tempera-
tures resulted in a yellow discoloration of the material, and pronounced distortion
of the initial sample geometry. The minimum temperature at which sintering could
be detected was found to be 600° C. Sintering of the pressed samples at 600° C for
30 min was found to be the optimum combination of conditions. Surface area measure-
ments on six samples prepared in this manner indicated that the material had a
specific surface area of 3.2 :^ 0.1 m2/gm. This corresponds to a reduction of 10%
in the surface area. These results indicate that in terms of geometry, the material
in sintered form is essentially the same as the unsintered ZnO. Therefore, it can be
expected that effects related to the particle surfaces should not be grossly altered by
this sintering procedure. The reproducibility of the sample preparation technique,
as manifested by the optical properties of the individual samples, is good. Reflection
spectra of samples prepared under the same conditions routinely agree to within 1%.
It has been found after considerable uv testing that the sintered powder is quantita-
tively more stable than the powder incorporated into a paint. The powder suffers uv
degradation 'of visible and infrared reflectance but to less extent than the paint. It
is believed that this difference is due to surface stabilization during sintering com-
pared to mechanical surface damage resulting from ball milling the paint. This
difference will be discussed in more detail in Section 3.
The above sintering studies were performed on Merck ZnO during the early phases
of the study. When the change was made to SP-500 powder, the studies were repeated
in just enough detail to establish a minimum sintering temperature. It was found that
as with Merck ZnO the onset of detectable sintering occurs at 600'C. Therefore the
same sintering conditions were used for both powders, 600° C for 30 min in air,
throughout the study.
Experiments relating to the effect of ambient oxygen on the optical properties of the
sintered material have demonstrated the importance of this parameter. Merck
samples sintered at 600°C in 1 atm of air, nitrogen, and argon show similar reflection
2-12
LOCKHEED PALO ALTO RESEARCH LABORATORY
L O C K H E E D M I S S I L E S & S P A C E C O M P A N Y
A GROUP DIVISION OF LOCKHEED AIRCRAFT CORPORATION
s'
4-17-68-1
I
spectra before and after uv irradiation. This is explained by the fact that insufficient
care was taken to completely exclude oxygen during sintering in nitrogen or argon.
Hence there was probably sufficient 02 present to prevent reduction of the ZnO during
sintering.
On the other hand, vacuum sintered ZnO shows drastically different properties.
Pressed pellets of zinc oxide sintered at 600° C for 15 min at a pressure of 10 -3 Torr
appeared dark gray with evidence of a substantial amount of free zinc on the surface.
In addition, metallic zinc was found to deposit on the cool portion of the glass chamber
containing the samples. The reflectance spectra of a vacuum sintered sample is
shown in eig. 2-6 compared to a standard (sintered in air) sample. Ample evidence
of gray metallic zinc is observed. Following uv irradiation in air at 50 — 70° C, a
significant increase in visible and near infrared reflectance is observed due to the
photo-oxidation of surface sinz in the presence of air.
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Fig. 2-6 Spectral Reflectance of Vacuum Sintered Particulate ZnO Be-
fore and After UV Irradiation in Air
2-13
LOCKHEED PALO ALTO RESEARCH LABORATORY
t0CKME ED • %I SSI t E S 0 SPACE COAAPAN V
A GROUP DIVISION OF IOCKME10 AIRCRAFT CORPORATION
..
r	
-
4-17-68-1
2.6 PRECONDITIONING OF SINTERED ZINC OXIDE BY VACUUM ION PUMP`
Late in this study it was found that the start-up of the electronic vacuum pump on the
bidirectional reflectance apparatus caused significant infrared reflectance degradation
of sintered ZnO. This effect will be discussed fully in subsection 3. 5, but because
the effect influences the material performance during uv irradiation it may be con-
sidered a condition of sample preparation. Hence it is described briefly in this section.
It will be shown in subsection 3.5 that the glow discharge which occurs during ion
pump start-up results in an ion bombardment of the sample surface. This bombard-
ment causes a decrease in infrared reflectance which is spectrally similar to uv
degradation. No effect on visible reflectance is observed. The bombarded sintered
samples exhibit significantly less uv stability than sintered samples which are not
bombarded prior to uv irradiation in vacuum. No such effect is observed for ZnO
pigmented paint probably because of a rapid charge accumulation on the silicone sur-
face which repels subsequent bombarding ions.
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Section 3
EXPERIMENTS TO CHARACTERIZE THE DAMAGE PROCESS
It has been established that the damage in a Silicone-ZnO, thermal control coating
occurs principally in the pigment, ZnO. Samples of this material were prepared
as described in Section 2 and studied to determine the nature of the irradiation-
caused defects giving the observed changes in optical properties. It was necessary
to determine the location of the defects within the particle, the placement of the
resulting state in the energy band scheme, the process through which the defects
were created, and any other information that would help construct or support a
model.
This has been accomplished through a series of experiments that will be described
in this section. These include (1) measuring changes of reflectance while temperature,
intensity, and wavelength of incident radiation were varied, and while gaseous envi-
ronment changed (2) measuring optical damage to a single crystal (3) measuring
electrical conductivity as a function of incident radiation, and finally (4) measuring
the electron paramagnetic resonance spectrum of the material as a function of inci-
dent radiation. They have shown that the oxygen desorption model outlined in Section I
is relevant, and have determined the location, spatially and energetically, of the
defects.
3. 1 DAMAGE CHARACTERISTICS OF PARTICULATE ZnO
When samples of sintered ZnO are exposed to uv radiation in vacuum their reflectance
decreases. Such decrease is shown in Fig. 3-1 for a sample irradiated at room tem-
perature, 10-6 Torr pressure, and 5 suns intensity for 205 hr. A sun here is defined
as that amount of energy flux in the solar spectrum from 0. 2 to 0.4 µ per unit area
at 1 AU. These conditions are typical for a uv test, and these data will serve tc
represent the damage that is to be expected from this material when radiated with
uv energy. Data for Fig. 3-1 were obtained in two ways. Reflectance spectra of the
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Fig. 3-1 Reflectance History of SP-500 Under 5 suns Ultraviolet Irradiation
material were taken at ambient conditions with the Cary Model 14 before and after	
r ^.
exposure to the radiation. Reflectance spectra were taken in situ with the bidirectional
reflectance device.
It may be seen immediately that there are two distinct spectral regions of damage,
one in the visible, and one in the infrared. It will be of interest throughout this report
to study the kinetics of damage to each spectral region. A convenient way of doing
this is to plot the reflectance at a representative wavelength for each spectral region
versus time. Alternatively, change in reflectance may be graphed as a function of
time. Both methods have been utilized in this report.
The two spectral regions of damage are different in nearly every respect that has
been tested. Two differences may be seen in Fig. 3-1. First, the decrease in reflect-
ance in the ER is more severe than in the visible. Second, the damage to the IR recovers
completely upon admission of oxygen to the chamber, while the damage to the visible
does not.
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Several conclusions may be drawn from these initial ohservations. First, the states
causing the I-R absorption must reside on the surface of particles. This is required
for the rapid recovery upon admission of oxygen to take place. Second, the damage
to the visible must either reside in the bulk, or be relatively insensitive to the pres-
ence of oxygen if it is on the surface. Third, the I-R damage centers must be directly
associated with oxygen, for the recoovery in pure oxygen to have occurred.
3.2 VARIATION OF INTENSITY OF RADIATION
The above test was conducted at a lamp-to-sample distance that gave an intensity of
uv energy (as defined in Section 3. 1) corresponding to 5 suns. If this is now varied,
and the difference in rate of damage noted, it may be determined what the order is of
the reaction between the radiation and the ZnO particles. If it is a simple reaction
involving the generation of hole-electron pairs, with the hole subsequently liberating
oxygen from the surface, a first order reaction would be expected. That is, the
more radiation that strikes the sample, the more holes are generated, and the more
oxygen is liberated; the number of photons being linearly related to the number of
oxygens, which would in turn be linearly related to the amount of optical damage
produced. A non-first-order reaction would require that further phenomena be
taking place. This could include trapping and recombination of the holes and the
formation of complex defects. A non-first-order reaction is indeed observed, but
the reason is not understood.
Unfortunately, measurement of intensity effects is not the trivial matter it would at
first appear to be. It was stated in Section 2 that there is an effect of the ion pump
start-up on the I-R reflectance of sintered samples both immediately and after sub-
sequent uv irradiation. This creates problems in comparing the kinetics and even
the final values of damage due to uv.
First, there is some evidence that the reflectance will decrease more rapidly if the
sample being measured has experienced ion bombardment and recovered, than if it
either has not experienced ion bombardment, or it has not been allowed to recover
before irradiation by uv. All three situations are presented in Fig. 3-2. The 20-suns
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Fig. 3-2 Decrease in Reflectance at 2.0 A as a Function of Exposure at 1, 5,
and 20 suns Intensity
intensity test was conducted on a sample that had experienced very little ion bombard-
ment. The 5-suns test sample was heavily bombarded, then irradiated with uv before
it had a chance to recover. Finally, the sample irradiated at 1-sun intensity was
heavily bombarded, then allowed to recover overnight before ignition of the uv source.
The early kinetics of the three curves show no trend with intensity, so it is apparent
that the difference in kinetics must be due to the differences in ion bombardment
histories.
Second, it is not obvious what zero value of uv damage should be used in plotting
kinetic data. In Fig. 3-2, it was taken as the value of reflectance measured immedi-
ately before uv irradiation is initiated. This choice, however, may not be the best,
as the data for 1-sun intensity will attest. The starting value of reflectance in this
test is about 0.5 above the minimum reflectance achieved during pump down. Total
damage to the sample at this wavelength (2 Ee) was 0. 10. These facts may account
for the rapid rise in degradation in this sample.
Finally, it is difficult to compare the total extent of damage due to uv irraditiona
between samples that have experienced different amounts of ion bombardment. For
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instance, the 5-suns data in Fig. 3-2 have a zero point of 0. 1,5 damage, while the zero
of damage for the sample exposed at 20 suns is zero. If this is added to the degrada-
tion values in the figure, the 5-suns intensity test sample damaged quite significantly
more than the 20-suns test sample. This result would be at odds with the trend estab-
lished between the i- and 20-sun tests.
Thus it is clear that attempts to discover the effects of photon flux in this manner may
be misleading. Therefore the effects of intensity on'S-13 are included here to repre-
sent the effects of the variation of this parameter. There is tittle or no effect of the
pump on the paint and the paint is representative of the pigment, so we may accept
this data as definitive.
The kinetic data for S-13 coating exposed at 1-, 10-, and 20-suns intensity are dis-
played in Fig. 3-3. The visible degradation shows little effect of photon flux and
depends primarily on the total irradiation. The IIt by contrast, shows the same trend
as was evidenced by the pigment, i. e. , the 1-sun intensity sample damages less than
samples damaged at higher intensities. Furthermore, the rate of damage at the
higher intensities is greater, even on an equivalent-sun-hour basis.
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Fig. 3-3 Change in Reflectance of S-13 at 2.0 and 0.45 µ Versus Exposure
at 1, 10, and 20 suns Intensity
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3.3 VARIATION OF TEMPERATURE
Allowing a reaction to take place at differing temperatures can be quite informative.
If there is little change in the rate or extent, then the reaction does not involve lattice
vibrations, which is how temperature is manifested in a crystal. If it is temperature
dependent, then the nature of the interaction with the lattice vibrations must be postu-
lated. In the present case the changes in the infrared are, to first order, unaffected
by temperature. By contrast the damage in the visible spectral region as highly
temperature sensitive. It is possible to produce visible damage (as well as infrared)
in a short time by placing the sample in a vacuum and heating it. An extreme example
was mentioned in Section 2 where the sample was heated to 600° C. At more moderate
temperatures, it is still possible to produce damage comparable to that produced by
irradiation by uv. This, in addition to the normal edge-shift due to temperature may
be seen in Fig. 3-4.
Exposures at 500° F. After evaluating the magnitude of the effect of teiaperatu_re and
vacuum on the spectral reflectance of unirradiated zinc oxide, an ultraviolet exposure
test was performed on a sample maintained at 490 f 20° F. The chronological variation
of spectral reflectance up to the termination of the 54-hr irradiaton period is shown
in Fig. 3-5. The variation of spectral reflectance from the end of exposure to the
final measurement with the Cary spectrophotometer is shown in Fig. 3-6.
Ten minutes after initiation of ultraviolet irradiation, a full reflectance spectrum was
obtained. Figure 3-5 indicates that the band edge had not fully shifted, so the sample
had not quite reached steady state temperature. The visible reflectance had decreased
from the room temperature values. The shape of the infrared reflectance spectrum
at this stage of irradiation is unexpected, in that it does not have the same general
form as the remaining infrared reflectance spectra. This has not been explained, and
has not been repeated, but may be connected with the rapid change in sample tempera-
ture during this run, or the unusual thermal and vacuum history of this particular
sample.
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The last two bidirectional reflectance spectra show a progressive and definite dE •grada-
tion of sample reflectance with continued irradiation. The total degradation is only
slightly greater in the visible range than in the infrared if the lowest reflectance curve
(after 49-hr irradiation) is comps d to the initial room temperature reflectance. How-
ever, the relative rates of degradation in the visible and infrared cannot be meaning-
My compared because of the one irregular infrared spectrum discussed above.
After 54 hr of irradiation the lamp was extinguished and "recovery" measurements
made. The first post-irradiation spectrum was recorded 1 hr after terminating
irradiation; sample temperature had decreased to 435 0 F. For the second post-test
spectrum, taken 23 hr after the termination of radiation, the sample temperature was
approximately that maintained during irradiation (490 0 F). Note that there was no
recovery in the infrared region (1.4 to 2.4 p), but there appears to have been signifi-
cant recovery in the visible and very near infrared. This may be attributed partially,
if not wholly, to the procedure for taking data. A reference technique was used in
this experiment whereby the A-H6 irradiation source decreased the apparent sample
reflectance. This technique was corrected for all other tests reported, and recovery
in the visible has not been observed again due to the irradiation source being extin-
guished. The final spectrum in vacuum, taken 25 hr after irradiation was terminated
and after the sample had cooled to room temperature, is essentially identical to those
taken 1 hr at 435° F and 23 hr at 490° F after termination of irradiation. The only
significant change is the shift in the band edge, which is due to the decrease in sample
temperature from 490 to 120° F.
From these three spectra, it appears that very little reflectance recovery occurs in
vacuum, at temperatures from 490 to 70° F, for many hours after the termination of
irradiation.
After 26 hr in vacuum and comparative darkness, the damaged sample (having reached
room temperature) was reexposed to air; 15 hr later the bidirectional reflectance was
measured. After an additional 6 hr the final normal reflectance was measured on the
Cary spectrophotometer. These final two spectra indicate that significant recovery
of spectral reflectance has occurred upon reexposure of the sample to air. The total
recovery is generally uniform in the visible and infrared.
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The fact that the final infrared reflectance measured as bidirectional reflectance was
higher than the normal reflectance measured on the Cary was certainly not expected.
The pehnomenon did not recur, and so was assumed to be instrumental and peculiar to
the particular experiment.
A second experiment by high temperatures was performed in order to resolve the
questions brought up by the first. The damage history is shown in Fig. 3-7, and the
recovery in Fig. 3 -8. The first spectrum in Fig. 3'7 was taken at high vacuum, at
365°C, shortly before the A-H6 was turned on. The second was taken at 520° F in the
period between 20 min and 1 hr after the A-H6 was turned on. It shows rapid damag-
ing in both visible and infrared. This must be attributed primarily to the ultraviolet,
since Fig. 3-4 shows temperature alone does not give changes in as short a time as
observed here. Reflectance at 0.47 µ is plotted as a function of time in Fig. 3-9.
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Fig. 3-7 Recovery of Sintered ZnO at 70° F
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The apparent reflectance increased when the A-H6 was turned on due to the increased
d-c level in the photomultiplier, then decreased as the sample damaged. Subsequent
spectra show progressive damage in the visible, but the infared remains the same
for the second and third spectra. At 26 hr, a vacuum problem developed in the
apparatus, and the pressure rose to 10 -3 for 5 min. This evidently was enough to
recover the infrared to the level shown in the last spectrum in Fig. 3-7, as a check
immediately after the pressure rise showed the reflectance at 2.0 µ to have risen
from 59 to 64% where it is shown in the final spectrum. The pressure remained close
to 10 -5 for the rest of the experiment, and as a result no further damage in the
infrared took place, though the visible did damage further. The last spectrum was
taken with the irradiation source off, due to further experimental difficulties.
Air was allowed back into the chamber 48 hr after the lamp was turned on. There
was no immediate recovery, probably due to the high pressures the samples had been
at for some time prior to admission of air. However, a slower recovery rate was
observed, as it has been on previous experiments and is shown by the second and
third bidirectional curves. The normal reflectance curve was taken immediately
after the third bidirectional.
Irradiation at liquid nitrogen temperatures. The results of two irradiations of 7,nO at
liquid nitrogen temperatures are presented in Figs. 3-10 and 3-11. These experi-
ments were of somewhat shorter duration than prior runs at higher temperatures.
However the 21.5 and 24 hr of irradiation shown in the figures suggests what would
be found with further irradiation.
Figure 3-10 shows no effect of the vacuum, but marked decrease in reflectance due to
the chilling of the sample. Whether this is a true temperature effect may be discovered
by examining Fig. 3-11. Here there was no effect of chilling the sample holder on
reflectance. Thus it probably was an artifact of the particular experiment. In both
figures the infrared damaged due to vacuum alone or ion pump. In Fig. 3-10, reflect-
ance diminished uniformly, though slightly, for wavelengths < 1.6 µ under irradiation.
For wavelengths > 1.6 p, it is interesting to compare damage with that observed
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Fig. 3-11 Damage to Sintered ZnO at -225° F
in previous experiments. Minimum reflectance at 2.4 µ was typically 45% for the
high temperature test, 55% for the room temperature test, and 70% for the liquid
nitrogen temperature test.
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Evidently there is some effect of temperature on the infrared damage, but less-than-
a-factor-of-two difference is small when compared to that in the visible. Here the
damage may be taken to be near zero at room temperature and below, and quite large
at 250° C; a factor of 20 to 5 {I Vanes as large.
The temperature-associated process that is postulated in this case is diffusion. Given
an excess of zinc on the surface of the particle, and given that damage is much faster
and more extensive at elevated temperature, diffusion of zinc into the bulk of the
particle is a satisfying postulate.
One would expect oxygen vacancies to diffuse much less readily than interstitial zinc.
This is consistent with the lower temperature dependance of the infrared damage.
There is no residual damage at room temperature, and only a small amount at
elevated temperatures of irradiation.
3.4 VARIATION OF ATMOSPHERE
Two pieces of information may be gleaned from a variation of atmosphere. These
are what the (gaseous) element is that affects optical properties, and the location of
damage centers within the particle. It has been found that the damage in the infrared
region recovers rapidly upon admission of oxygen. The visible does not. This is
taken to indicate that the infrared damage is associated with an oxygen deficiency on
the surface of the particles. Little information about the visible may be derived
from this with assurance, except that it is likely that the defects reside in the bulk.
This is because of the slowness of recovery.
Figure 3-12 shows the change in reflectance in the two damage regions when oxygen
is admitted at two different pressures, and with and without irradiation. It may be
seen (1) that there is no effect of radiation, (2) that the visible region does not
recover substantially, (3) that the IR recovers rapidly, and (4) that the I-R reflectance
reaches an equilibrium value of reflectance dependent upon the partial pressure of
oxygen.
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Fig. 3-12 Reflectance and Resistivity of ZnO During Recovery Under Irradiation
The effect of pressure of oxygen on the rate of recovery is shown in Fig. 3-13 in more
detail. Two samples with different irradiation histories, and thus different total
amounts of damage, are recovered at pressures differing by two orders of magnitude.
Yet it is seen that the initial rates of recovery are quite similar. The major difference
between the two curves appears to be the extent of final recovery —the lower pressure
producing less recovery. The influence of oxygen pressure rather than extent of
damage is indicated by the fact that the more heavily damaged sample exhibited less
recovery.
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Fig. 3-13 Recovery of Sintered ZnO at Two Pressures After Different
Irradiation Histories
The general trends of the I-R reflectance coincide with those of the sample resistance,
but the details do not. Figure 3-12 compares resistance and reflectance during
recovery at several pressures, with and without irradiation. When the pressure in
the chamber was 0.003 Torr, the resistance dropped under the effect of the uv,
 , but
the reflectance at 2.0 p did not. Further, when the pressure in the chamber was
1.8 Torr, and the uv was extinguished, the resistance increased, but the reflectance
did not.
Further discrepancies between optical data and electrical data may be seen in
Figs. 3-14 and 3-15. In addition, discrepancies may be observed between electrical
data from one sample to the next, despite the samples being exposed simultaneously
to identical conditions. It may be seen that the reflectance recovery curve and the
optical recovery curves do not have the same shape for either case. Further, the
recovery curves for the electrical properties of the two samples are not similar.
Measurement of the electrical properties appears to have been only of nominal value
here. They were not made with the better electrodes developed later, but likely
would not have been improved much had they been.
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Fig. 3-16 Change in Reflectance Due to Ion Pump Start-Up
sample positions. The effect of pump start-up on reflectance was only halved. There-
fore, under the least severe conditions the reflectance of each sintered sample is
briefly degraded about 0 . 10 at 2.0 µ followed by partial recovery and the conductivity
is increased approximately three orders of magnitude prior to uv irradiation.
There is serious question regarding the interpretation of the effects of the ion pump
start-up on subsequent uv degradation and recovery. The answers to this question
are not fully in hand at this time, but a number of observations can be made. It will
be shown in the photoconductivity measurements in sintered ZnO (Fig. 3-24) that the
dark conductivity increases about three orders of magnitude due to vacuum only
(diffusion-pumped). Therefore the conductivity change produced by the ion pump is not
alarmingly large. However, it will be shown in a test reported in Figs. 3-25 and
3-26 that there is no change in I-R reflectance due to vacuum for periods of over
100 hr, if no ion pump is used. The effect of the ion bombardment on reflectance is
therefore different than the simple surface loss of chemisorbed oxygen due to vacuum
in the two tests above.
t
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The reflectance degradation due to ion pump start-up is negligible for wavelengths
shorter than 1.0 k and increases monotonically to 0" .4 p so it appears to be qualita-
tively equivalent to uv induced degradation. The reflectance and resistance decreases
due to ion pump start-up recover fully and rapidly if oxygen is readmitted, so the
degradation must be restricted to the particle surfaces. This evidence would indicate
that ion bombardment degradation and uv degradation are similar in nature with the
former of a smaller magnitude. For example, for a sintered sample after 100 sun-hr
at 10 suns intensity, the uv degradation is 0.3 to 0.4 at 2.0 µ as compared to 0.05 to
0.10 due to ion bombardment. Therefore it would appear at first that ion pump start-
up should not seriously affect the interpretation of uv degradation. This is because
the uv degradation clearly dominates except with regard to initial uv damage kinetics,
which may be influenced by a surface memory of the earlier ion bombardment.
However, there is evidence that indicates the nature of the ion bombardment degrada-
tion may be quite different from uv degradation. It will be shown in Figs. 3-25 and
3-26 that a sintered sample irradiated at 10 suns intensity exhibited a gradual 0. 15
decrease in reflectance at 2.0 µ over a period of 50 to 100 hr when the sample had
experienced no pre-irradiation ion bombardment. In contrast a sample exposed to
ion bombardment and then irradiated at 10' suns intensity exhibited a rapid 0.2
decrease in reflectance at 2.0 µ as was seen in Fig. 3-2. The difference in magni-
tudes and kinetics of the two damage histories indicates that the ion bombardment
may have a substantial effect on the surface states which is not evidenced by the
relatively small decrease in reflectance which occurs during the ion bombardment.
Further evidence of this will be provided by spectral irradiation data below in
Section 3, and also from comparing Figs. 3-23, 3-25, and 3-26. Evidently the ion-
pump-treated pigment damages quantitatively more like the paint than does that not
so preconditioned. It is postulated that the ion bombardment and mechanical treat-
ment performed on the paint have similar effects.
In any case', it must be concluded that the ion bombardment does have a very signifi-
cant influence on the surface stability of the sintered ZnO. The spectral character
of the ion effect is strikingly similar to that produced by photon irradiation, but the
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ion effect must be greater because of the greater degradation subsequently produced
by irradiation for those samples which haves been ion bombarded.
The nature of the effect is not at all clear. The immediate damage, of the order of
0.05 to 0. 15, could be either a production of surface defects (oxygen vacancies in
our model) or a dissorption of oxygen, lowering the bands and thus populating
the states. However a mechanism for increased suseeptability does not immediately
leap to mind.
3.6 SINGLE CRYSTALS
The experiments carried out on single crystals in the present contract were designed
to demonstrate the applicability of single crystal studies to the understanding of the
mechanisms of solar irradiation induced damage to thermal control pigments. We
feel that studies on single crystals are important for the following reasons:
• Surface and bulk effects can be unambiguously differentiated.
• Important parameters such as the Fermi-level and defect distributions are
more clearly determined than in particles so that defect production may be
delineated from the redistribution of carriers in existing defects.
• Defects and surface state properties can be characterized more accurately
in single crystals by more definitive techniques.
3.6.1 Ultraviolet Degradation of Single Crystal
Figure 3-17 is a transmission spectrum of a single crystal of Zn0 which was subjected
to uv radiation at various intensities (3 to 20 suns) for a total of 2900 equiv. sun-hr.
The test was performed'in a vacuum of 10 -7 Torr, at room temperature. Absolutely
no change in transmission was observed with either before-and-after measurements
with the Cary Model 14, or in situ in the bidirectional reflectance apparatus.
A second test has been conducted on a ZnO single crystal — the same crystal, this
time at an elevated temperature (200° Q. This is a temperature that produces large
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Fig. 3-17 Transmission of ZnO Single Crystal Before Irradiation and .After
2900 equiv. sun-hr Exposure at 20° C
visible damage in the particulate samples. Figure 3-18 shows that the elevated tem-
perature produced a small amount of visible damage in the single crystal, but still
no I -R damage.
The surface area of a single crystal that is seen by a transmission measurement is
much smaller than the surface area of a particulate sample seen by a reflection
^asurement. Therefore, the lack of damage in the I-R region with the single crystal
supports the previous hypothesis that the I-R damage is a surface effect. In the
visible region, it may first be noted that the same sort of temperature dependence
was observed for the single crystals as was observed for the particulate samples.
To this point the results are fairly unambiguous and easily interpreted. However, it
is not entirely clear why there is no observable visible degradation in a single crystal
at room temperature. At least two explanations are possible, both of which may be
correct. It will be shown that short wavelength uv (A < 0.3 p) is required to efficiently
produce damage in the visible region of particulate samples. It is known (Ref. 4) that
for these short wavelengths the absorption coefficient is so large that no radiation may
penetrate further than a fraction of a micron into a crystallite (or crystal) of ZnO.
Therefore, we know that in the single crystal the damage is generated near the surface
of the crystal.
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In the particulate samples, each crystallite is 0.3 µ in diameter. To a first approxi-
mation, then, the intensity of a wavefront of short wavelength uv that has entered the
crystallite is reduced by a factor of a before it emerges from the other side of the
crystallite. Therefore, little short wavelength light will reach the interior of the
sample (as distinct from the interior of individual crystallites that compose the
sample) by means of transmission through particles; i.e., light will not be transmitted
more than a few particle depths into the sample. The reflectance of a highly absorbing
crystallite is higher than it would be for a similar crystallite that does not absorb.
Nevertheless, it is not expected that short wavelength light will be reflected more than
a few particle depths into the particulate sample either.
Thus, it is believed that the visible damage is generated near the surface of both the
single crystal and particulate samples. Why, then, is there no damage to the single
crystal in the visible, but there is damage to the particulate sample? One possible
explanation arises when the above considerations are made somewhat more quantita-
tive. First, it may be observed that typical damage to the visible on a particulate
sample is a 5 to 10% decrease in reflectance. Second, the depth of generation of
damage in the single crystal may be assumed to be on the order of 0.5 A. Third, the
depth of generation of damage in the particulate samples may be 2 µ. Thus, the
(penetrating) light at 0.45 µ, which may be taken as a representative wavelength for
this region of damage, may have to traverse five or more times the depth of damage
in the particulate samples as in the single crystal. Since
I = Io exp (-ax)
where
I = intensity of transmitted light
Io = intensity of light that has just entered a particle
a = absorption constant (may be a function of x)
x = depth
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the absorbed energy Al may be 1.0 2 times as large for the particulate as for the
single crystal sample. This gives a decrease in Lransmission in the single crystal of
— 0.1% — an undetectable change. This is indeed the case at room temperature.
This simple theory may not be sufficient. Two assumptions have been made that may
not be valid. The damage to the visible region is not, at present, sufficiently well
understood to determine whether the assumptions are valid. First, it was assumed
that absorption is proportional to the depth to which defects are found. This pre-
supposes the same profile of defect concentration exists in the single crystal as in
the particulate sample, which may not be true. Second, it was assumed that damage
is homogeneous at a given depth; i. e. , that the damage centers have no tendency to
agglomerate. It will be proposed in our model that the damage centers do indeed
agglomerate. The energy of the system may be minimized when the damage centers
are located in the strain field of a dislocation.
The increase of damage with increasing temperature must be due to an increase in
matter transport, from diffusion. However, as before, the details of where the mass
is going and why are not clear. It may be diffusion of the centers to a greater depth,
or, if the dislocation model is correct, it may be due to transport of the centers to
dislocations (or both).
There is a second possible explanation for the difference between the visible damage
observed in the crystallites and the single crystal. The dislocation density in the
crystallites is likely to be higher than in the single crystal, due to the difference in
preparation processes. Thus the difference in damage may be due to a difference in
the number of dislocations that are present for the damage centers to migrate to and
subsequently produce visible degradation. The temperature effect could then be due
to the increased mobility at higher temperature which allows more centers to assume
a lower energy position at the dislocations, producing visible damage. It is quite
likely that both explanations are valid.
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3.6.2 Transient Photoconductivity
Measurements carried out on transient photoconductive effects in ZnO single crystals
are discussed in this section. These studies were specifically concerned with the fast
photoconductive process and particularly, the spectral photoconductivity and the decay
rate of the photoconductivity. The studies were made to obtain information on the
recombination and trapping states which bear directly on the degradation mechanism
and to lay the groundwork for the use of the photoconductivity technique in investigating
defects produced in degraded single crystals.
The optical absorption data on an undoped ZnO crystal (excess Zn) and a Li-doped
crystal were taken on a double-beam grating spectrometer from 0.35 to 2.8 µ.
Samples are described in Table 3-1. The results are shown in Fig. 3-19. The first
point to note is the apparent shift of the fundamental absorption edge to lower energy
(a shift of N 0.04 eV) with the Li addition. This shift is either the result of a high
density of shallow acceptor states or a deformation of the lattice itself due to the high
impurity concentration. Our absorption data do not go to high enough values of the
absorption coefficient to resolve this point.
Table 3-1
SINGLE CRYSTAL SAMPLES
Resistivity Carrier Thickness Length Electrode
Num
p
ber Dopant at 300 0 K Concentration (mm) and Width Material(a)(ft-cm) (cm-3) (mm)
SW Excess 4 2.5 x 10 16 1 5 In or Ag
(36400/47) Zn (as Paste
grown)
SWDA Li —1010 107 1 5 In or Ag
(36400/47) Paste
SWDB 11 2 x 103 5 x 10 13 0.7 5 In or Ag
(36400/47)
1	 1 1 1 1
1 Paste
(a) Supplier: Minnesota Mining and Manufacturing Co.
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The measurements of the spectral depenL nee of the photoconductivity were carried
out at room temperature in air on the Li-doped crystals. Radiation from a xenon
compact arc source was passed through a Perkin Elmer-112 monochromator and
then brought to a focus on the sample. The chopping frequency of 1 kHz was chosen
toensure that only the fast photoconductive process was being observed. This point
was verified by obtaining the spectral dependence of the photoconductivity from the
amplitude using the transient d-c apparatus described in the Appendix. The results
were the same in both cases and the observed photoconductive signal is shown in
Fig. 3-19 as a function of wavelength. The measurements were carried out to 6 u
but no other photoconductive signals were detected. The photoconductive response
and the absorption edge data on the Li-doped sample are compared in Fig. 3-19.
The essential feature is that the photoconductivity which we are observing is a bulk
as opposed to a surface phenomenon. The following argument supports this state-
ment. It is to be noted that the photoconductive signal decreases as the absorption
coefficient increases sharply due to the band-to-band absorption (the fundamental
band edge). The sample surface was purposely not etched, thus providing a surface
with a high recombination rate. Therefore, in these experiments radiation which is
absorbed very close to the surface (high absorption coefficient) does not give rise
to a photoconductive signal. The next feature to note is that the signal peaks at
that wavelength for which the absorption coefficient corresponds approximately to
the reciprocal of the sample thickness (-0.04 cm). At longer wavelengths an increas-
ing amount of the incident energy is transmitted through the sample, d T.xe to the
decreasing absorption coefficient. The photoconductive response decreases propor-
tionately. Consequently, it is clear that the observed photoconductive effect is a bulk
phenomenon. The optical absorption and spectral dependence of the photoconductivity
of a lower resistivity Li-doped crystal (SEDB) gave similar results again indicating
that the photoconductivity is a bulk phenomenon.
Since ZnO shows only n-type conduction, the photoconductive spectral response must
be associated with the excitation of electrons from acceptor levels to the conduction
band. The photoconductive response turns on at 2.25 eV, thus indicating that the
acceptor levels involved are located about 0.95 eV above the valence band. This is
in good agreement with previous assignments of the Li acceptor level (-0. 85 eV).
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The transient behavior of thehotoconductivi in the IA-doped singleP	 tJ'	 oP^  crystals was
investigated with the apparatus described in the Appendix. When either a short light
pulse (8.5 µsec) or a chopped d-c light source irradiates the sample, there is an
immediate rapid rise and then an immediate rapid decay of the photoconductivity.
This is followed by a relatively longer decay process (milliseconds ) which can
provide information on the trapping processes in the crystal.
The decay characteristics of the photoconductivity'experiments have been carried
out over a range of temperature and as a function of background illumination. The
First point to note is that the photoconductivity observed is the fast photoconductive
effect which is determined by the carrier recombination processes in the crystal
and is not determined by adsorption or desorption of oxygen at the surface. The
second point to note is that the response observed in the transient behavior is a
bulk and not a surface effect. This can be established as follows. The transient
behavior is completely independent of the surrounding atmosphere whether it be
vacuum, oxygen, or hydrogen. Furthermore, when an undoped ZnO filter was
placed between the light source and the ZnO photoconductor, no essential change
was detected in either magnitude of the photoconductivity or its decay time. There-
fore, the fact that the filter did not alter the photoconductive characteristics indicate
that photon energies less than the band gap gives rise to this photoconductive response.
The spectral dependence of the absorption constant and the photoconductive response
previously mentioned indicate that the transient photoconductivity observed is indeed
a bulk effect.
Since the photoconductive current is carried by electrons the photoconductive decay
will be determined by the length of time the electron is free in the conduction band
once it has been excited. The electron will remain free as long as the accompanying
hole remains trapped; once the hole becomes untrapped, electron -hole recombination
occurs very rapidly. Thus the rate of photoconductive decay is determined by the
occupancy, of the hole trapping states as determined by the hole quasi Fermi level
under steady-state illumination.
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Typical photoconductive decay responses observed for the Li-doped single crystals
are shown in Fig. 3-20. Essentially the same response is obtained for the higher
and lower resistivity crystals. As indicated in Fig. 3-20 a decrease in the decay
rate with both increasing intensity of background illumination and temperature is
evident. In Figs. 3-21 and 3-22, the temperature dependence of the decay rate in
th; higher and lower resistivity samples, are shown. We note that the decay rate
is exponential in all cases and although a slightly different dependence of the decay
rate is observed for the two samples, the important point to note is the relatively
weak dependence of the decay rate.
The effect of background illumination on the decay curves is shown in Fig. 3-23 for
the lower resistivity sample. The only observable effect on the decay time was
obtained when the background radiation had the same spectral content as that which
gave rise to the photoconductivity. Therefore, the effect of the background illumi-
nation on the decay rate is the movement of the hole quasi Fermi level through the
hole trapping state distribution. In addition the effect of the background illumination
on the d-c level of the photoconductivity was obtained. From these results it was
determined that for the range of background illumination intensity employed in the
experiments shown in Fig. 3-23, the hole quasi Fermi level varied from 0.4 eV
above the valence band.
These results imply a monotonic distribution of hole trapping states, in this energy
interval, which increases in density as the valence band edge is approached. The
existence of a distribution of hole trapping states is consistent with the observed
weak dependence of the decay rate. The exact nature of the hole trapping states
has not been determined, however, it must be a doubly negative charged site such
as a Zn vacancy or O in the lattice.
All of these results are dominated by the bulk properties of the ZnO. The following
section, on photoconductivity of powders, indicates that similar results are obtained
for this high-surface-area state. However, the effect of the surface is superimposed.
adding considerable affect of the environment on the measurements.
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Fig. 3-20 Photoconductive Response of Li-Doped ZnO
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3. 7 SPECTRAL PHOTOCONDUCTIVITY OF SINTERED ZnO
A fundamentally different measurement, slow photo conductivity, was measured on
the particulate samples. The difference is in the time involved in making the meas-
urement. Here, there is time for oxygen to desorb. Fast photoconductivity was
very small (immeasurable) compared to the slow process.
The steady-state slow photoconductive response of a standard sintered sample was
determined in air and vacuum. The sample was irradiated monochromatically with
a tungsten lamp source as described in the Appendix. The results are presented in
Fig. 3-24. The photoconductive response has not been corrected for sample geometry
and for spectral radiance of the tungsten lamp which varies significantly in the visible
and near uv spectrum.
Without correction for irradiation flux it cannot be determined whether the photo-
response decreases or remains nominally constant for A < 0.38 µ, but this is
not of great importance. The significant data given in Fig. 3-24 are as follows:
(1) there is a peak response near the band edge; (2) there is aphotoresponse for
X t 0.60 µ; and (3) there is a large increase in dark conductivity due to vacuum.
The spectral characteristics are essentially t1he same as for the single crystals, dis-
cussed in subsection 3.6.2. Some implications of these results will be discussed in
subsection 3.8 along with the results of that section.
3.8 SPECTRAL IRRADIATION OF SINTERED ZnO AND S-13 COATING
To explore the possibility raised in Section 3.7, that damage can be produced for
A > 0.40 µ , a series of filtered irradiation tests were conducted on sintered
ZnO. This is a possibility because conductivity is being changed by these wavelengths,
and so it is possible that holes are being created in the valence band, resulting in
subsequent damage to the optical properties. An A-H6 source was used at a lamp-to-
sample distance that would correspond to 10 suns if no filters protected the samples.
Two sintered samples were irradiated with selected wide band-pass filters interposed
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Fig. 3-24 Spectral Photoconductivity and Absorptance of Sintered Zn0,
between source and samples in the normal reflectance apparatus described in the
Appendix. This apparatus is operated so that no start-up glow discharge occurs
during pump-down. The importance of this detail is explained in Sections 2 and
3.5. The transmission characteristics of the filters are shown in Fig. 3- 25. The
uv radiation did not affect filter transmission. The kinetics of reflectance degrad-
ation in the visible (represented by 0.45 p) and in the infrared (represented by 2.0 p)
are shown for each sample individually in Figs. 3-26 and 3-27.
It is seen that no absorption in the ER or visible occurs due to 130 hr in vacuum and
dark. Hence the increase in dark conductivity observed in Fig. 3-24 does not coincide
with increased I-R absorption. This indicates that chemisorbed oxygen is lost in the
dark, in vacuum due to thermal activation. out the released free carriers do not pro-
duce measurable absorption.
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When a sample is irradiated with wavelengths longer than 0.65 µ, no I-R absorption
results (Fig. 3-27). This is consistent with the absence of photoresponse for
A > 0.6 µ. When the photon energy is increased by using 3-70, 3-71, and 3-72 filters
there results a small degradation in I-R reflectance. In Fig. 3-26, a significant
photoconductive response is observed for wavelengths passed by these filters. When
the 3-75 filter isused, the I-R absorption increases markedly which is consistent
with the large photoresponse for wavelengths near 0.39 µ.
Upon comparison of the I-R degradation due to wavelengths longer than 0.38 µ with
that due to uv wavelengths transmitted by the 7-60 and 7-54 filters (Fig. 3-27) it
is apparent that the I-R degradation is produced most effectively by wavelengths
near 0.39 µ. The photoresponse shows that these wavelengths are absorbed, but the
w
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Fig. 3-27 Effect of Spectral Irradiation on Reflectance of Sintered ZnO
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absorption constant for A > 0.39 µ is less than 10 em-1 . Therefore photons of
wavelengths longer than 0.39 µ are scattered through many particles deep below
the sample surface, and cause photodesorption from a large total particle surface
area. Since the IR is apparently absorbed only weakly by the resultant defects, a
large population of defects must be produced to cause significant I-R absorption.
It follows then that even though energetic uv may have ahigher quantum yield for
photodesorption of oxygen, its effects are confined to the first few layers of parti-
cles because it is strongly absorbed (a = 10 5 cm-1 for A > 0.36 µ). hence the
total surface area affected is small, and little I-R absorption results.
Additional evidence that wavelengths longer than 0.38 p are the principal cause of
I-R degradation in particulate ZnO is given in Fig. 3-28 for 8-13 coating. It is
'+ V. L
w
0 0.1
a
d
EXPOSURE (equiv. sun-hr)
00.4
EXPOSURE (equiv. sun-hr)
Fig. 3-28 Change in Reflectance of S-13 at 2 and 0.45 µ for Irradia-
tion at 1 and 10 suns Intensity
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shown that the sample protected by Pyrex degrades in the I-R at the same rate as
that exposed to the entire A-H6 spectrum. The evidence thus far on spectral irradi-
ation indicates that at least two species of oxygen-related states are involved in ZnO
photoelectronic properties. The first species which can be desorbed in vacuum and
dark increases the conductivity but produces no optical absorption. The second species
must be deabsorbed to produce optical absorption in the I-R. The second species also
contributes to particle conductivity.
An important ccnsideration is the relationship between I-R and visible absorption
caused by irradiation. It is postulated that I-R absorption caused by oxygen photo-
desorption results in excess zinc at the particle surface which could diffuse inter-
stitially and produce the visible absorption. If this general model is correct, it
would help to know if the second event necessarily follows from the first. The data
on spectral irradiation answer this question. It is clear in Fig. 3-28 for S-13 that
even though two samples incurred equivalent I-R degradation the Pyrex filtered
sample exhibited much less visible absorption. Hence it appears that uv radiation
of wavelengths 0.2 < a < 0.3 is necessary to produce significant visible absorption.
The same conclusion is reached by comparing the visible degradation resulting with
a 3-75 filter and no filter in Figs. 3-26 and 3-27. With equivalent I-R damage, the
photons transmitted by the 3-75 filter produce no visible degradation. It is interesting
to note that the visible degradation can occur subsequent to, rather than simultaneously
with I-R degradation Once I-R degradation is produced, Figs 3-26 and 3-27 show
visible degradation proceeds with uv irradiation transmitted by a 7-54 filter even
though the I-R absorption is diminishing.
Significant information could be gained if it could be established whether visible
degradation can be produced in particulate samples without I-R degradation by irradi-
ation. If it is possible this would require a revision of the degradation model which
postulates a causal connection between I-R and visible absorption. The attempt to
provide this information incorporated filters which transmit uv only and thereby
minimize the I-R degradation. The results were not conclusive b-cause significant
I-R degradation was produced. Hence this question remains to be answered.
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In contrast to the results in Fig. 3-27, a sample degraded due to irradiation through
a 3-69 filter (see Fig. 3-25) after ion treatment. The IR decreased N 0. 15 due to
ion bombardment above, then dropped an additional ^- 10 due to irradiation with these
long wave lengths. Evidently the ion treatment drastically affected the sintered samples
wavelength sensitivity.
It can be concluded from the spectral irradiation tests that (1) the I-R absorption is
produced most efficiently in zinc oxide powders by photons slightly less energetic
than the band edge at 3.2 eV and (2) energetic uv photons, 4 to 6 eV are required
for effective production of visible absorbtion.
3.9 I-R SPECTRA
Figures 3-29 and 3-30 show the reflectance spectra in the IR for an undamaged sample
and a uv damaged sample. The uv damaged sample was exposed at about 25° C about
2 yr before its I-R spectrum was measured. The spectrum was measured at ambient
conditions, so any changes in reflectance are residual—damage that did not recover
upon admission of air to the chamber.
There are five distinguishable spectral areas of absorption in these figures, one near
each of the following wavelengths: 3, 5, 8, 9-17, and 21 y. The region between 9 and
17 p contains absorptions so strong that no structure can be distinguished. The absorp-
tion at 8 µ is identical in both samples. The absorption at 5 p is distinguishable for
the undamaged sample, but is not present in the uv damaged sample. The reason for
this is not obvious. The absorption at 21 µ (0.06 eV) is present in both samples. The
background reflectance around the absorption is different for the two spectra and thus
it is difficult to state unequivocally which sample displays the largest peak. It would
appear that the most reasonable basis for comparison is on a differential basis; i.e.,
by subtracting the background reflectance. On this basis the peak is greater for
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Fig. 3-29 Reflectance of Sintered ZnO unirradiated and
Pressed at 600 psi
the of damaged sample than for the undamaged sample. Finally we consider the
absorption near 3 p. The peaks here do not have the same shape, and do not occur
at the same wavelength. In the undamaged sample the peak appears at 2.7 µ
(0.45 eV), which is the location of the water fundamental absorption. The uv
damaged sample has a broad peak with a sharp peak superimposed at the energy
0.38 eV.
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Fig. 3-30 Reflectance of Sintered ZnO Ultraviolet Damaged at
230°C and Pressed at 600 psi
There are really six absorption peaks in the spectrum of the uv damaged sample,
but the sixth is not easily distinguished. Figure 3-31 is a plot of the difference betwen
the reflectance of the uv damaged sample and the undamaged sample. The mechanically
damaged sample will be discussed in the next section. It is seen that there is an
absorption produced by the radiation near 2. 5 p. This may also be seen in Fig. 3-32,
which is a representation of spectra taken on a Beckman dual beam spectrometer.
The reference that was used was an undamaged ZnO sample. Both figures show
that there is a peak in absorption at about 2. 6 p (0.47 eV). Figure 3-32 shows that
the apparently monotonic decrease in reflectance with wavelength that is typically
seen in situ in the I-R, and at atmospheric condition for the high-temperature samples,
is an absorption peak. The fact that this does not continue to decrease with wave-
length indicates that the degradation is due to a discrete energy level and not to free
carrier absorption.
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Fig. 3-31 Difference in I-R Reflectance Between Damaged and Undamaged Samples
The conclusions reached in this section are as follows:
• There is an absorption at 0.06 eV that increases with uv irradiation.
• There is an absorption at 0. 38 eV that occurs due to uv irradiation.
• There is an absorption at 0.47 eV that occurs due to uv damage.
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Fig. 3-32 Relative I-R Reflectance of Sintered ZnO, uv Damaged
and Mechanically Damaged
3,10 ESR IN SINTERED ZnO
One effect of uv irradiation on ZnO is to create paramagnetic centers, both in the
bulk and on the surface. Electron spin resonance provides a sensitive tool for study-
ing these centers, and hence can be used to gain added understanding of the damage
mechanism. The intensity of the spin resonance signal is proportional to the number
of paramagnetic centers. The structure of the line and its g-value give information
on the nature of the center, and a study of the kinetics of formation and decay is
useful in determining the extent to which diffusion and recombination enter the process.
The work discussed here was carried out at liquid nitrogen temperature using powdered
ZnO samples.
I It
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Figure 3-33 represents the electron spin resonance signal of ZnO at g = 1.957 (79 0K).
Figure 3-34 is the ESR signal of ZnO at g = 2.001 (77 0 K). In both figures the first
derivative of the absorption curve is plotted on the ordinate and magnetic field strength
is plotted on the abscissa. The specified magnetic field values were the points actually
measured.
Figure 3-35 shows the behavior of the spin concentration of ZnO as a function of time
for various treatments. During the first 30 min the sample was pumped down to 10-5
Torr. Then it was irradiated intermittently for a period of 70 min. The addition of
air in the absence of radiation produced the tail on the curve. Those data were taken
for the g = 1. 957 resonance line.
Jjav lit	 1	 :3:33 1 ti
3333 c
Fig. 3-33 Electron Spin Resonance Signal of ZnO
g 1v 1.957 Region at 77°K
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The spectra observed in samples of ZnO sintered particles, are in general agreement
with the results reported by other workers (Refs. 28-34). The resonances observed
in the vicinity of g - 2.06 typically showed a symmetric line shape and some structure,
indicating the presence of more than one unresolved resonance. These lines were
very sensitive to the presence of oxygen and the previous treatment given the sample.
Their behavior was not completely reproducible from sample to sample. A partial
explanation of this was the inadvertent variation in previous treatment given the sample.
These resonances with g > 2.00 are generally attributed to various species of adsorbed
oxygen (Ref. 34). The uv sensitivity of these centers can vary greatly and also depends
on the heat treatment given the sample.
In this work we focused our attention on the line at g = 1. 96, shown in Fig. 3-33.
There exist in the literature conflicting interpretations regardingthe origin of this
resonance. It has been suggested that the line observed is due to bound electrons
at a donor (Schneider and Rauber, Ref. 28; Baranov, Kholmogorov, and Terenin,
Rev. 32; Kasai, Ref. 29 or mobile electrons, either in the conduction band or in
a shallow donor band (Muller and Schneider, Ref. 30; Kokes, Ref. 31. In most cases
this resonance has been found to be sensitive to uv irradiation. However, in the
samples studied by Kasai uv irradiation caused a slight decrease in intensity. Geisler
and Simmons (Ref. 33) have suggested that more than one kind of paramagnetic center.
with a resonance at g = 1. 96, can exist in ZnO. One of these, that studied by Kasai,
is present in samples which have been heat-treated at high temperatures (ca. 9750C).
This resonance is relatively insensitive to uv. The resonance which we studied also
occurs at g = 1.96 and is sensitive to uv irradiation, as indicated by the plot of increas-
ing intensity with time of irradiation (Fig. 3-35). We believe that this resonance is
due to mobile electrons in the crystal. The fact that the g-value is less than the free
electron g-value indicates that holes are not responsible for the resonance. It is not
possible to ascertain without further information whether the electrons are in a donor
band or in the conduction band. It is very possible that electrons in both bands are
contributing: The fact that no observers have ever detected a hyperfine splitting due
to Zn67 (I =5/2), either in powder or single crystals, is evidence that the electrons
responsible for the resonance are not localized.
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The experimental evidence can tentatively be explained by the following mechanism.
The incident uv and visible radiation causes oxygen to be evolved from the Zn0
particles, initially from the surface and then from within the bulk of each particle.
The oxygen vacancies created act as donors, and hence the intensity of the resonance
increases as more oxygen is released. Existence of the resonance under illumination
in air, with an intensity reduced from that obtained in vacuum, represents establish-
ment of a steady state in which oxygen is being both evolved and reabsorbed into the
solid. When air is admitted to a sample chamber which has been irradiated in vacuum
the intensity of the resonance drops. However, in the absence of further irradiation
the signal does not drop back to the vanishingly small value observed in unirradiated
samples. We attribute this to the fact that oxygen on the surface first fills oxygen
vacancies near the surface, and consequently further diffusion from the surface to
vacancies in the bulk is inhibited, resulting in a greater equilibrium number of
vacancies.
The resonance at g - 1.96 observed by Kasai may in fact be due to a different para-
magnetic center than what we observe, as suggested by Geisler and Simmons. How-
ever, a great many apparently contradictory facts remain to be resolved before this
problem is understood.
3.11 QUANTUM EFFICIENCY OF PHOTOLYSIS
The kinetic data for the increase in spin concentration of ZnO particles under ultra-
violet irradiation (Fig. 3-34) can be used to estimate the quantum efficiency for
defect formation. The volume generation rate (Sv) for radiation induced spins was
found to be constant up to saturation at the intensity employed (20 suns). From the
slope of the plot of spin concentration vs. time it was found that
S  a! 5 x 10 18
 spins/gm-min
while the absorption rate for photons is given by
Iabs 2! 2.6 x 1019
 photons adsorbed/cm2-min
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If the assumption is made that the defects responsible for the ESR signal at g = 1.96
are localized at the surface of the particles, it is possible to convert the volume
generation rate (S ) to a surface concentration generation rate (S ) . Since the
specific surface area of the Zn0 is equal to 3 x 104 cm2/gm	
s
S 	 spins/ gm-min
Ss 3x 104
 cm2/gm
Ss = 1.7 x 10 i4
 spins/cm 2 -min
The quantum efficiency for spin generation is given by the ratio of spin generation
rate to photon absorption rate
Ss = 1.7 x 10i4 spins/cm2-min
'abs
	
2.6 x 1019 photons absorbed/cm2-min
and
0 = 6.5 x 10 -6 spins/photon absorbed
If each defect is associated with a single spin, 0 corresponds to the quantum efficiency
for defect formation.
Collins and Thomas (Ref. 35) have reported measurements of quantum efficiency on
ZnO single crystals by photoconductivity techniques. They found 0 to decrease from
values near unity to 7 x 10 -5 with integrated photon doses in the range 1010 _ 1017
photons adsorbed/cm2 . Extrapolation of the Collins and Thomas data to integrated
dose rates equal to those used in this work, gives good agreement with the quantum
efficiency calculated from the ESR data.
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The ESR data indicate that saturation occurs when the surface spin concentration is
near 3 x 10 15 cm2 . This value is of the same order of magnitude as the number of
atomic sites on a ZnO crystal surface. Since it is postulated that oxygen vacancies
are the predominant surface defect, it is apparent that the equivalent of at least one
monolayer of lattice oxygen is lost during the photolysis of zinc oxide.
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Section 4
WOREING MODEL FOR ULTRAVIOLET DEGRADATION PROCESS
In Section 1 it was stated that there is extensive literature on ZnO, much of it dealing
with the radiation-induced oxygen desorption process. It was also stated that contra-
dictory results and interpretations are frequent. Zinc oxide is a highly complicated
material in the sense that it is affected by many parameters, some of which are not
known as yet. With such a material, it is evident that variation in preparation of the
material will drastically affect the properties, and thus the results of experiments.
This was encountered in this program, as discussed in Section 2. With this variation
in data from the literature, it is not clear what will be applicable in our situation
and what not. With this uncertainty, and with relatively little previous work having
been done on the effects on the optical properties, it eras never intended that this
program result in a completely definitive model. It was hoped that enough could
be determined so that a remedy could be proposed.
This has been accomplished to different degrees in the two instances of the visible
and IR degradation. Both may (or may not, for the visible) be well enough under-
stood to discuss the stabilization technique used in Section 5, but neither is com-
pletely defined. The infrared damage model approaches completion, but the visible
model is still highly ambiguous.
It is possible that further understanding would suggest further stabilization techniques.
The process of uv degradation to the optical properties of ZnO particulate samples
may be outlined as follows: damage is initiated by the absorption of a photon by the
ZnO crystallite; the absorption process must involve the creation of a hole-electron
pair; some portion of the uv created holes may migrate through the particle.
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The surface of each ,article has chemisorbed oxygen on it. The oxygen has become
chemisorbed by trapping a lattice electron, creating negatively charged surface
states. There is a compensating depletion layer inside the semiconductor. This
depletion layer may be described by the bending of the bands upward toward the
surface.
The radiation-produced holes are attracted to the surface by the potential gradient
described by the bent bands. At the surface, recombination takes place between
the trapped electron on the oxygen and the itinerant hole .
When a hole recombines with a trapped electron on an oxygen state, it neutralizes
the oxygen, thus changing it from the chemisorbed state to the physically adsorbed
state. Physically adsorbed oxygen is only lightly bound, and may be thermally
desorbed.
Ultraviolet radiation has, then, caused oxygen to leave the surface. The resultant
surface obviously has a higher concentration of zinc than previously. From this point
in the development it is necessary to show how this zinc-rich, oxygen-depleted surface
may result in decreases in reflectance in the visible and I-R spectral regions.
The absorption in the IR. is considered to be caused by states near the conduction band,
on the surface of the particles, caused by surface oxygen vacancies. It is proposed
that these states absorb I-R photons through the excitation of electrons to the conduc-
tion band. The number of these states will increase, as will the population, due to
irradiation in vacuum . The population increases due to a flattening of the bands.
Admission of oxygen will remove most of the states, and depopulate those that are
left through the upward bending of the band.
The absorption In we visible is not as well understood as that in the IR. Two models
have been proposed that fit all data observed . There is not enough evidence to differ-
entiate between them .
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First, it is suggested that some of the excess zinc on the surface may diffuse into the
bulk of the particle and create high zinc concentrations around dislocations. This in-
crease in concentration would increase the lattice distortion in that region. Regions
of distorted lattice will change the band structure locally, reducing the band gap in the
case of lattice expansion of ZnO considered here. The result is absorption of less-
than-normal-band-gap radiation and a decrease in reflectance in the visible spectral
region.
Second, it is also suggested that the continuum of states observed in Section 3.6.2 to
exist above the valence band may be uv-induced, and may cause the absorption in the
visible region through excitation of electrons from them to the conduction band.
Models have now been suggested for the progression from the absorption of a photon
and the creation of a hole-electron pair to the creation of absorption centers that will
produce decreases in reflectance in the two characteristic spectral regions . Let us
next see why these were chosen over alternatives .
The strongest absorption of photons occurs for energies greater than the band gap.
However there is evidence that photons are also adsorbed for 0.4 < a < 0.6µ in
undamaged particulate samples, as well as uv damaged samples. The absorption is
not detectable by optical measurements before irradiation, but spectral photoconductiv-
ity measurements show that hole electron pairs are, nevertheless, created.
There are three possible explanations for an absorption in this region. There may be
a continuum of states up to 1 eV below the conduction band, thus creating the observed
absorption through excitation from the valence band to these states. There may be a
continuum of states up to 1 eV above the valence band, thus creating the observed
absorption through excitation from these states to the conduction band. Finally, there
may be regions where the band gap is not the full 3.2 eV.
If excitation is to occur from the valence band to states beneath the conduction band,
these latter states must be empty. It is known that in single crystals of ZnO under
ambient conditions that the Fermi level is within a fraction of an electronvolt of the
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conduction band, and thus these states must be filled. Therefore they are not avail-
able for the absorption process. Very little visible damage is incurred by single
crystals, which would be consistent with the above, if this explanation were valid.
In the pigments under consideration, however, a large portion of the particle may
0
be considered to be surface, since they have a 1500 A radius and the surface may be
a
considered to extend on the order of 1000 A toward the center of the particle . The
bands are known to bend upward at the surface; they may bend up enough to raise the
states of interest above the Fermi level . Thus states below the conduction band may
be available for excitation of electrons from the valence band in these crystallites
once they are empty. Up to this point, the existence of states below the conduction
band provides no contradictions. However, if it is now desired to assign the visible
damage to them, it is found that a contradiction does arise and they must be eliminated
from consideration. Continued irradiation of ZnO particles will cause most of the
surface oxygen to leave, and thus the bands to flatten. In this case the states beneath
the conduction band would no longer be available for excitation from the valence band,
and no visible degradation would be observed in situ, since the Fermi level is known
to be less than 0.2 eV below the conduction band. Furthermore, the optical properties
in this spectral region would be highly sensitive to oxygen pressure. Neither circum-
stance is observed, and thus this possibility must be eliminated.
The second possibility, that of sites above the valence band, cannot be so summarily
dismissed. This mechanism does create the problem that the holes are left on the
localized states above the valence band until the hole is excited to the valence band.
but it cannot be dismissed on this basis, since thermal excitation of the holes to the
valence band is possible . A hole thus localized is not completely free to migrate to
the surface, liberate oxygen, and cause the observed changes in properties. If this
mechanism were valid, it would be expected that long wavelength radiation simultaneous
with less-than-band-gap radiation would efficiently produce itinerant holes and thus
optical damage . The role of the long wavelength radiation would be to excite the holes
from the bound states to the valence band . This experiment has not as yet been per-
formed. The diffusion length for holes has been estimated to be on the order of
4 x 10-5 cm, which is greater than the average diameter of the ZnO particles . Thus
there is a substantial probability that photon-induced holes will diffuse to the surface,
once they are generated and are in the valence band.	
mg
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The argument against the second possibility does not eliminate it in favor of the third
possibility, especially since the same arguments, to a lesser degree, may be applied
against the third alternative. Thus both are retained as possibilities. There is evi-
dence for both lattice distortion and hole traps existing. Lattice strain has been
observed by x-ray diffraction techniques to exist in highly zinc-doped ZnO. One
possibility is that there is a large enough preference of the interstitials for the dis-
locations that regions of local strain occur there . This strain may produce a region
of the crystal with a smaller band gap than the rest of the crystal possesses, and thus
absorption for longer wavelengths. Zinc oxide at ambient conditions already is near
saturation in zinc content. Thus strain due to interstitial segregation may exist prior
to irradiation, causing photoconductivity response. The role of the radiation, then,
is to increase the concentration, and thus the distortion, so that the absorption becomes
strong enough to be detected with optical measurements. The increased concentration
at the dislocations would result if the excess zinc at the surface of the particles dif-
fuses into the bulk of the particles, then migrates preferentially to dislocations. The
total strain of the lattice is reduced if the concentration of interstitials is higher
around dislocations than in otherwise unstrained portions of the lattice. This fits the
observation that the visible degradation involves diffusion.
Hole-electron pairs will be created with greatest efficiency by greater-than-band-gap
energy photons. However, this process is restricted to the first layer or two of
particles by the high absorption coefficient for these photons . For lower energy radia-
tion, transmission and scattering processes will allow for pair generation and subse-
quent oxygen desorption to occur over a depth of tens or hundreds of particles . Thus
it is to be expected that the effective degradation of an entire sample will be most
strongly influenced by radiation with an absorption, coefficient on the order of the re-
ciprocal of the thickness of the sample; i.e. , near the edge. Even though the quantum
yield for pair generation is less than that for band gap energy, the surface area avail-
able for damage more than compensates for the reduction in efficiency when viewed in
terms of changes in reflectance.
The I-R spectra show two absorptions created as a result of uv irradiation with ener-
gies near 0.4 eV. This is near the energy that has been assigned to a doubly ionized
g
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oxygen vacancy in the bulk of a ZnO single crystal. It is not unreasonable to suppose
that a similar center on the surface of a crystallite gives rise to at lease one of the
observed absorption peaks . Thus it is believed that the I-R absorption observed
in situ is a broading of one or both of the absorptions observed after irradiation, at
atmospheric pressure . These absorptions are believed to result from surface states
below the conduction band caused by surface oxygen vacancies. Among other things,
this hypothesis has the desirable quality that both the presence and occupation of the
states are highly sensitive to ambient oxygen pressure. The states may be filled and
emptied by the bands bending down and up respectively, and they are created and
destroyed by removal and addition of oxygen . Both phenomena agree with the observed
pressure dependence.
The I-R absorption has been shown to be directly related to the loss of lattice oxygen
from the growth and recovery kinetics of both the reflectance damage and electrical
conductivity. There are two explanations for the absorption that have been suggested:
free carrier absorption and states beneath the conduction band, herein attributed to
oxygen vacancies. It i!, possible to remove the former from further consideration.
The evidence of the absoi ntion spectrum just cited is convincing, but is not conclusive.
It is possible that both the discrete levels and the free carrier absorption exist in situ.
The argument for this would assume that when oxygen is admitted to the irradiation
chamber, the bands bend upward on the ZnO particulate samples as oxygen becomes
chemically adsorbed. The oxygen would therefore localize the free carriers that had
produced the bulk of the absorption in situ and the measurements made in the far IR
would not be able to detect the presence of the carriers. Only the discrete levels
below the conduction band would be left at the time of the measurements, which are
made at atmospheric pressure.
There are two arguments, however, that exclude the possibility of the I-R absorption
observed in situ being free carrier absorption. First. free carrier absorption would
manifest itself as an absorption that increases as the third power of the wavelength
(Ref . 36) . The observed dependence is more nearly proportional to the first power
of wavelength. Second, from the electron spin resonance work, it is known that no
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significant g-value characteristic of free electrons was observed for reasonable in-
tensities while a strong signal was observed for a bound state created by the uv.
The other explanation, that of oxygen vacancies creating surface states below the
conduction band, is quite compatible with all the above experimental data.
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Section 5
STABILIZATION OF PIGMENT
In previous sections, a theory was developed describing radiation damage to the opti-
cal properties of ZnO particles. The theory indicates that the damage is a result of
radiation-induced holes liberating oxygen from the surface of the particles. In the case
of the infrared damage, it is thought that the oxygen vacancies thus created (in addition
to pre-existing oxygen vacancies) , trap electrons when the Fermi level is above these
states . It is the excitation of these electrons to the conduction band that provides the
absorption in this spectral region. In the case of the visible damage, the mechanism
has not been made as explicit, but the damage appears to be a result of excess zinc on
the surface diffusing into the particle .
If the oxygen desorption process could be slowed or stopped, it would appear from the
above mechanisms that optical degradation would be correspondingly slowed or stopped.
There are two approaches to accomplishing this end. The first is to place the pigment
in a binder that effectively seals the oxygen onto the particle, mechanically preventing
oxygen desorption. That is, effectively the particle is not under high vacuum, even
though the coating is. The second is to chemically change the ZnO particle in such a
way as to prevent the desorption process from occurring.
There exists a ZnO thermal control coating that is quite stable in the uv environment.
It is not used frequently because of difficulties encountered in its application to the
satellite. Nevertheless, it is worthwhile studying the crating, for if the reason for its
stability is understood it may be possible to reformulate the coating in its stable form,
but without its application difficulties. This coating is Illinois Institute of Technology
Research Institute Is Z-93, and is essentially zinc oxide particles in potassium silicate.
This coating was studied briefly to determine the reason for its stability . Some inter-
esting observations about the process may be made as a result, but there was not time
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to determine the full nature of the process within the scope of this program. It is not
yet clear whether it falls into the category of chemically or physically stopping the
desorption process, and if it is the former, how this is accomplished .
A second stabilized coating has been made by Lockheed in connection with this pro-
gram. This coating chemically slows down the oxygen desorption process by placing
acceptors in the material. Two attempts were made, one to dope the ZnO with lithium
and one with copper. The copper attempt was successful. Both these atoms act as
acceptors when they replace Zn atoms in the ZnO lattice. This affects the bulk of the
material (as opposed to the surface) and stabilizes the material as follows.
ZnO in the as-received state is highly n-type. If impurity atoms are placed in the
lattice that have states available in the band gap that will accept electrons below the
Fermi level, two effects that are beneficial in the present situation will occur. First,
the acceptor states will remove electrons from the conduction band and other states
above them in energy, thus lowering the Fermi level . Both the oxygen vacancy states
causing the infrared absorption and the adsorbed oxygen states are believed to lie near
the conduction band. Reduction of the population of the former would reduce the ab-
sorption in the infrared spectral region since there would be fewer electrons in these
states to be excited, and thus absorb the infrared energy. If the latter states were
emptied, it is possible the oxygen desorption process would be stopped.
The second beneficial effect of incorporating acceptors into the ZnO is to provide hole
traps . It is theorized that the holes from hole-electron pairs migrate to the surface of
the particles, there liberating adsorbed oxygen. If hole traps are placed in the material,
fewer of the holes will reach the surface before they recombine .
Both copper and lithium act as acceptors in ZnO when they replace Zn atoms in the
crystal lattice. Attempts to incorporate both were made, but were unsuccessful in
the case of lithium and will not be discussed further. The attempts with copper enjoyed
some success and the results will be presented below.
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5.1 POTASSIUM SILICATE TREATMENT
Samples of ZnO were treated with potassium silicate, exposed to various subsequent
heat treatments, then tested for their uv stability. All such samples proved to be
stable within the accuracy of the measurements . The significant point resulting from
these tests is that full stability was achieved in the samples that received no heat
treatment subsequent to application of the potassium silicate . From this, it may be
stated with reasonable certainty that whatever stabilizing effect the potassium silicate
has, it is confined to the surface of the particle . This is because, at room tempera-
ture, it is extremely unlikely that significant diffusion to the interior even of these
small particles could have occurred in the time intervals involved. This conclusion
excludes the possibility of an acceptor-like reaction in the bulk, as was accomplished
in the case of copper doping .
The two remaining possibilities are a chemical and physical inhibition at the surface.
If the inhibition at the surface is chemical, then it would be expected that this would
involve changing the occupation of the oxygen adsorbtion or vacancy sites. Either
change would be expected to change the conductivity of the ZnO sample over what it
was before treatment. Therefore, a standard ZnO sample was prepared, and contacts
applied. Then potassium silicate was applied to the ZnO separating the contacts, and
the conductivity measured in air and vacuum. The reason for this particular sequence
was to assure electrical contact with the ZnO particles. The sample used was sintered
before application of contacts or potassium silicate. Thus, when the contacts were
applied, there was electrical conduction paths between contacts via the sintering necks
between particles. When the potassium silicate was applied to the ZnO between con-
tarts, all of that ZnO should have been changed in whatever manner is typical of the
reaction, while good electrical contact with the ZnO was maintained. If there was a
chemical change in the surface of the ZnO, it should have shown up in a change in the
conductivity between contacts. However it was found that there is no large change in
conductivity (large enough to be unequivocably attributable to changes in the material,
and not to experimental error) . The in-air value of resistance between contacts was
still on the order of 106 ohms, the same value observed in standard ZnO samples.
When a standard ZnO sample is placed in a vacuum, the resistance between contacts
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typically drops to the order of 10 4 to 105 ohms. By contrast, when the sample treated
	
ar s
with potassium silicate was placed in a vacuum, the resistance was unchanged. This
is consistent with the lack of oxygen desorption manifest in the lack of optical degrada-
tion due to uv radiation. All measurements were made in the dark.
The resistance measurements indicate that no doping of the material sufficient to
change the electrical properties was accomplished by the potassium silicate . Thus it
cannot be that any emptying of the surface states took place, with the results outlined
above. It is not clear what has, in fact, happened. It is still conceivable that some
unspecified reaction has occurred on the surface of the particles that does not affect
the resistance, or it may be that the potassium silicate does simply encapsulate the
particles, keeping them from seeing high vacuum for the duration of the test.
If the particles are simply encapsulated, there are two immediate implications. First,
any attempts to encapsulate each particle separately, then incorporate these into a
binder must not break the coating, or the stabilization will be lost. Second, it is likely
that there is a leak rate of the oxygen through the encapsulating layer. If this is the
case, then the particle can see high vacuum if the coating is exposed to it long enough.
This would mean that the coating damage would be highly rate dependent. That is, high
intensity, short duration tests would produce no damage, while low intensity, long
duration tests might inflict damage. In addition, it would imply a strong temperature
dependence of damage . This, in fact, has been observed, severe damage to Z -93
occurring at temperatures above 300 OF .
5.2 COPPER DOPING TREATMENT
The preparation of the sintered, Cu-doped samples used in the experiments described
in this section is discussed in Section 2. Five concentrations of Cu were used: 0, 20,
100, 200, and 500 ppm . These are nominal values, referring to the concentration of
the solution the powders were placed in, and are used frequently to identify samples
in the text to follow. These samples have been analyzed, and the actual concentrations
are as follows:
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Nominal Concentration
(ppm)
0
20
iW
200
500
Actual Concentration
(ppm)
0
18
40
84
350
t
If copper is successfully placed substitutionally into ZnO, there should be at least two
manifestations of this on the properties of the material. First, there should be a de-
crease in conductivity resulting from a decrease in the number of majority carriers
(electrons) , and second, there should be an optical absorbtion characteristic of the
impurity . As was mentioned previously, the presence of the acceptor copper in the
ZnO removes electrons from the conduction band. This decrease of conductivity with
increasing copper concentration can both serve as an indication of doping level, and
give clues as to specifically what reaction is taking place to put the copper in substitu-
tionally.
A plot of resistance between contacts vs. nominal copper concentration appears in
Fig. 5-1. These data provide an excellent fit to a straight line whose slope shows a
functional dependence of the second power . That is
Pa (Cu I2
resistivity is proportional to the square of copper concentration. These are the same
results as obtained by Bogner and Mollwo (Ref. 37) for single crystals. This depend-
ence can be derived theoretically as follows. Assuwe the following reactions occur
during the doping of Z nO with Cu.
The notation used is one of the standard forms . Xy indicates we are considering the
atom X , located at y , with charge + with respect to space . The specie con-
sidered may be an atom, e . g, Zn or O , or a vacancy, V . The location may be
on the surface, designated 8 , on a lattice site, designated by the atom that would
normally reside there, or interstitial, designated I .
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A zinc atom on a lattice site goes to an interstitial site
ZnZn , ZnI + VZn + 2e+	(1)
the interstitial zinc ionizes
ZnI — ZnI + e -	(2)
A Cu+ ion from the surface of the particle fills a Zn vacancy in the bulk
VZn + Cus CuZn	 (3)
Sum these reactions, obtaining
ZnZn + Cus ZnI + Cu Zn + e+
Write the mass action law
_ [ZnI [Cuz+n I [e+lK	 .
IZnZn+] Icus1
Assume the Zn on the lattice is in its standard state, and that the concentration of
Cu ions on the surface is approximately constant (those ions that diffuse into the
particle are a small portion of those available) .
Then we may define a new constant K T such that
K T = JZnI 1 [CuZn+l [e+] .
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In a large band-gap material like ZnO, when it is n-type, it may be assumed that
[e+] = [Cu +  ; i . e . , each acceptor produces one hole and this number of holes is
large when compared to the number produced by other processes.
ZnO in its as-received state is highly n-type, due to its being nonstoichiometric.
There is an excess of Zn over O atoms, the excess assuming interstitial positions.
These interstitial Zn atoms are donors that are essentially all ionized. Thus it is
valid to say
ZnI ] = [e
Our mass action equation may now be put in the form
2
K I - (e _ I(CuZn,
Since ZnO remains highly n-type despite its doping, the majority carriers remain
electrons, and
Q=nep.
Thus we may write
va I n ] = [e l
and we have, finally
+ l21	 CUZn1P°C [e-I	
K 
the desired result.
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There was an assumption made in this derivation that deserves further comment. The
copper was assumed to be in the singly ionized state on the surface. Copper tends to
be reduced when heated in a vacuum . Since CuO was placed on the surface of the par-
ticles, it is not unreasonable to expect this to become Cu 20 at elevated temperatures.
If it is then assumed that the Cu20 dissociates, leaving the electrons on the oxygen,
we have Cu+ ions on the surface.
This set of equations does not include the possibility of interstitial zinc diffusing to
the surface and there combining with oxygen to form ZnO. This can be done if a
fourth equation is added:
Zni +0	 ZnO + e	 (4)
where the O is chemisorbed oxygen on the surface.
A third set of equations may be constructed in the following manner. Assume equations
(1) and (2) as before, and in place of equation (3) , assume
VZn+Cu-► CuZ++e
and in place of (4)
ZnI + O — Zn0 .
Now the reactions may be summed as
ZnZn + Cu + O$ -- CuZ +
 + ZnO .
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or
ZnZn + Cu + 0- ^ CuZn + Zn0 + e+ + e-
K `
 
ICU Zn1l Zn01 le-1 [e +1
IZn zn
++ 
I ICU ] [ ° l
Assume ZnO , ZnZn and Cu are in their standard states, and the concentration of
O remains constant, then
K' = CuZn a e+
and
12pa [e-] cc 	 1
Clearly there are enough undetermined variables in the system to make it impossible
to make a unique determination of the reactions that took place. The important point,
however, is that it is possible to predict theoretically the observed results. This
same result was obtained by Sewalin for Li (Ref. 38).
The second manifestation of the copper on the properties of ZnO is the optical absorb-
tion in the vicinity of 0.8 eV (1.6 microns), as will be seen in subsequent figures. It
has been theoretically calculated (Refs . 39 —40) and experimentally observed (Ref . 41)
as the absorption between d states of Cu, which have been split in energy in the sub-
stitutional position by the crystal field at that point. The observation of this absorbtion
in the Cu-doped samples, increasing with increasing Cu concentration, indicates con-
clusively that we do indeed have substitutional Cu. The method used to obtain it was
described in Section 2, on materials preparation procedures.
5.2.1 Stability of Doped Pigments under Ultraviolet Irradiation
As has been discussed in some detail in Sections 2 and 3, there are two types of in-situ
tests possible. One includes a pretreatment of the pigments with ion bombardment
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from the ion pump, and one does not. The test that includes the ion treatment appears
to be more representative of the pigment after incorporation into the binder, when
standard ZnO is used. This may not, a priori, be the case for the doped samples.
Thus tests were conducted under both conditions. The results may be compared with
the paint results in a later section.
Figures 5-2 through 5-6 show the spectra of materials doped with varying concentra-
tions of copper before and after irradiation (under ambient conditions) and in situ after
irradiation. The damage (change in reflectance) at 2.0 microns varies from 0.31 for
the standard sample to 0.14 for the 500 ppm copper-doped sample. This series of
figures also displays the progression of d-state absorbtion from the substitutional
copper. It may be noted that there is no visible damage due to uv radiation for any of
the samples. However, careful comparison between figures will reveal that there is
a shift of the edge toward longer wavelengths with increasing copper concentration.
This shows up as a visual yellowing. For a practical thermal control coating, a balance
between this increasing yellowness and the increasing stability must be reached. The
increasing stability is shown in summary by a plot of Aa s vs. copper concentration
in Fig. 5-7. A a s is the change in absorbtion in the spectral region 0.3 to 3 microns,
weighted proportionately with the relative intensity of the sun at each spectral point .
The optimum level may fall in the vicinity of 200 ppm copper.
Figures 5-8 and 5-9 summarize the history of standard ZnO and that doped with 100 ppm
Cu when exposed to uv in the normal reflectance device. This device provides no pre-
treatment of the samples with ions, and the total damage is commensurately smaller in
in both cases. At 2.0 microns, the damage in the standard sample is 0.15, while it is
0.025 for the copper doped sample. For the samples untreated with ions, the increase
in stability is a factor of 6 at this wavelength.
None of the samples in the above tests displayed any damage to the visible spectral
region. previous attempts at IITRI to produce a stable paint (S-13G) have resulted in
a decrease in the damage to the infrared region, but an increase in the damage to the
visible region. This paint is an attempt to make the previously mentioned Z-93 more
easily appliable to spacecraft surfaces. Thus it is a matter of some interest to
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Fig. 5-7 Change in Solar Absorptance as a Function of Copper Concentration
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determine if the doping performed here has had the same deleterious effect on stability
of the visible spectral region.
To determine the relative stability of the doped and undoped pigments in the visible, a
test was conducted at a higher temperature (100 0 C). At such an elevated temperature
the visible damage is accelerated considerably for undoped ZnO, as was seen in
Section 3. The results of the test are shown in Figs. 5-10 to 5-13. As may be seen
the effects of the elevated temperature were to create some relatively permanent
damage in the infrared, and a small amount of damage in the visible. This amount
of visible damage is considerably less than anticipated, based on previous tests con-
ducted at the same temperature. The discrepancy is not understood, but has been
discussed previously in Section 2.
Despite the smallness of the visible damage . it may be seen that the damage is com-
parable for all the samples and thus the visible damage has been neither enhanced
nor inhibited .
5.2.2 Determination of Conductivity Activation Energy
From the discussion in the introduction to Section 5, it should be evident that it is
desirable to know where the Fermi level is with respect to the surface adsorbtion
states and the defect states causing the optical absorbtion. if this could be determined
as a function of copper concentration, we would, first of all. have a valuable check on
the theory of damage, and second, we would be able to understand what has occurred
in the inhibition of radiation damage that has been accomplished.
A method that sometimes gives values for the Fermi level in materials is to measure
the activation energy for conductivity. This is not always reliable, since it is possible
for a highly populous state to dominate the measurement, causing the energy measured
to be that of the populous state, rather than that of the Fermi level. This was the case
here, but much useful information may be garnered from this in itself.
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Activation energy is determined by measuring the conductivity as a function of tem-
perature. When this is plotted, since we are making the approximation that
v = oO a-QAT
we may calculate Q , the activation energy, from the slope of a semilogarithmic plot
of Q , the conductivity. This equation is valid. The question is whether Q may or
may not be equated to E. , the distance in energy betwegn the conduction band and the
Fermi level . Let ue	 rf re the process more carefully . When the sample is heated
and the conductivity mete_ fired as a function of temperature, electrons are being therm-
ally excited from all states within the forbidden band. In aay material as impure as the
ZnO used on this program, it is probably a valid assumption to say that there is effec-
tively a continuum of states throughout the band gap. Thus, wherever the Fermi level
is, there are electrons in states at that energy (and below) , that may be thermally
excited into the conduction band, there producing conductivity. When the temperature
is raised the probability that any of the states in the gap will be ionized is increased,
but the increase is larger near the band edge than further from it . Thus, given a uni-
form distribution of states in the gap, it is the highest occupied levels that will have
the greatest effect on conductivity (in an n-type material) . Thus in this case it is the
Fermi level that will be measured as the activation energy . However, if there is a non-
uniform distribution of states, the problem is slightly more complicated. Now the
probability of excitation from a given energy state must be multiplied by the number of
states at that energy. If there are a great number of states at a given energy, many
more than at higher energies, then it is possible for the plentiful state to give a larger
contribution to the conductivity than those nearer the conduction band, but less plentiful.
This appears to be the case in ZnO. Figure 5-14 plots the resistance vs. the reciprocal
temperature . The activation energies calculated from these are all in the vicinity of
0.5 eV. There is some variation, with the activation energy increasing with increasing
copper concentration. If this is not experimental error, it is due to the lowering of the
Fermi level.
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5.2.3 Interpretation of Optical and Electrical Data in Cu-Doped ZnO
There are three observations that may now be made on the basis of the above results.
It is evident from the activation energy measurements that the defect levels have not
been completely compensated by the copper doping, since the levels must still be filled
to give the conductivity necessary to the activation energy measurement . This is borne
out by the observation that there is still radiation damage to the doped pigment. The
inhibition of the damage may well be more due to the action of the Cu centers as hole
traps than to their emptying of the defect levels causing the infrared absorbtion. Thus
it is still possible to have the oxygen desorbtion process take place, and there will
still be an excess of Zn, or deficiency of oxygen on the surface of the particles. Con-
sider the visible damage. At room temperature, it must be assumed that the diffusion
process of zinc into the bulk of the particles to cause the visible damage is the rate-
controlling step, rather than the formation of excess zinc at the surface. Thus at room
temperature, and moderate temperatures such as the 100 °C used in the elevated tem-
perature test, the lack of a decrease in visible damage with increasing doping may be
attributed to this fact. To a first approximation, as long as there is an excess of zinc
on the surface, the visible damage will be independent of the concentration of Cu, and
thus concentration of zinc on the surface.
Second, it is worth noting that the value of activation energy obtained for standard ZnO
(0.47 eV) corresponds to 2-61A, which is just the wavelength at which the peak of the
infrared damage was observed. It is possible to speculate that the uv induced defect,
tentatively assigned to oxygen vacancies on the surface of the particle, is present
before irradiation . This supports the theory that the rapid initial damage may be
partially due to a lowering of the bands, placing pre-existing defect states below the
Fermi level. When the states Rrre Lhus populated they can absorb infrared energy by
excitation to the conduction band. Subsequent damage is then due to further creation of
states by the method outlined in the model . The damage may then be removed, if the
test was conducted at a temperature sufficiently low that the defects could not diffuse
into the center of the particle, by raising the states at the surface above the Fermi
level. This is accomplished through the band bending caused by adsorbtion of oxygen.
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The final observation that may be made at this time, pertains to the location of the Cu
level in the band gap of ZnO. A brief perusal of the literature indicates that the ab-
sorption observed in the 1.6-micron region is attributed to excitations within the cop-
per ion; that is, it is from the ground state of Cu to an excited state. For this to
occur, the ground state must be coincident with, or above, the valence band. How-
ever, no statements were found as to either the ground state's or the excited state's
location within the band gap. From the data above, certainly no final assignation may
be made, but a preliminary one may be . First, it must be noted that for an absorption
to occur, the excited state must be unoccupied. This means that it must be above the
Fermi level. But the Fermi level has been determined to be less than 0.5 eV below
the conduction band. This places the ground state of Cu in this material in the range
1.2 to 0.7 eV below the conduction band.
5.3 ATTEMPT AT FORMULATION OF PAINT FROM Cu-DOPED ZnO
The purpose of this program is to develop a stabilized pigment. Great strides have 	 s
been made in this direction as evidenced by the preceding data . The next logical step ,
	 } t
then, is to incorporate the stabilized pigment into a binder. This has been done, and
the results will be presented in this section. Since this was only a trial test, no
attempt was made to optimize paint preparation procedures. The result is a paint
that experienced excessive mechanical damage, affecting both the initial optical proper-
ties and subsequent uv damage .
The paint samples, prepared as described in Section 2, were exposed to uv in the nor-
mal reflectance device. The spectral curves during the test are displayed in Fig. 5-15
for the paint utilizing undoped ZnO for pigment, and Fig. 5-16 for the paint formulated
with doped ZnO.
It may be seen that the initial infrared reflectance of the doped-pigment paint is 0.10
lower than the standard's , at 2.0 microns . The reflectance at 2.0 microns is still
lower after the 130 hours of irradiation, but much less so. The change due to irradia-
tion is 0.16 in the doped paint sample, as opposed to 0.22 in the staindard. Evidently
the copper has stabilized the infrared reflectance, but not as much as anticipated.
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The degradation in the visible is disturbingly large compared to that obtained from
SP-500 alone. There are three explanations fo- this, any combination of which may
embody the true answer. First, it may be that the sample temperature is higher here
than in the bidirectional reflectance device . Higher temperature has been shown to
enhance visible damage. Second, it is quite likely that the ball milling during the
preparation process mechanically damaged the pigment, as is discussed in Section 2.
This would produce additional interstitial zinc, which may enhance visible degradation.
Evidence for this may be seen in Fig. 2-2. Finally, it is possible that there is some
binder damage.
The change in solar absorptance is of some practical interest. The initial a s for the
undoped-pigment paint is 0.166 , while that after irradiation, in situ is 0.207. This is
to be contrasted to an initial a s of 0.274 and degraded as of 0.312 for the doped-
pigment paint. This is a teas of .041 contrasted to .038, a virtually insigrificant
difference. Clearly the reason for this is the unexpectedly large visible damage in
both samples. This is evidently the result of the formulation of this particular paint
and/or this apparatus, not the doping. The important result is that the infrared re-
flectance has been stabilized in the paint as well as the pigment .
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Section 6
CONCLUSIONS AND RECOMMENDATIONS
The conclusions reached in the various portions of this report are outlined below,
together with recommendations for future work.
I. Background
A. Zn0 has been studied extensively and much information has been reported
on it, predominantly on the electrical properties.
B. Much of the existing literature is contradictory.
C. A well-accepted model for changes in electrical properties due to uv irradi-
ation is outlined.
III. Samples
A. Samples are made by pressing and sintering the pigment.
B. Pressing and sintering changes the properties of the material some, but
must be done.
III. Character of the damage
A. Damage to reflectance occurs in two spectral regions—the visible adjacent
to the band-edge and the near IR between 0.8 and 2.8 p.
B. Infrared degradation and photoconductivity are produced most effectively by
the same photons, those near the band-gap energy.
C. Visible degradation is most effectivehy produced by photons of wavelength
0
less than 3000 A. It is not certain, but probable, that the occurrence of
I-R degradation is a necessary precondition for the production of visible
degradation.
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D. The kinetics of I-R degradation are strong, dependent on the irradiation
intensity as well as the total irradiation. The visible degradation is pri-
marily dependent on the total irradiation.
E. The glow discharge which accompanies start-up of an electronic vacuum
(Vaclon) pump may cause significant I-R but no visible degradation of
sintered ZnO.
F. The I-R degradation is strongly affected by surface preparation of the ZnO
particles. Samples sintered, sintered and exposed to VacIon start-up, and
milled into a paint, exhibit, in the order mentioned, progressively more
total degradation during irradiation.
G. Recover of I-R degradation is very rapid and complete when the irradiated
ZnO is introduced to oxygen. The recovery of visible degradation is slow
and incomplete.
H. Changes in electrical conductivity and ESR spin concentrations are related
to the I-R degradation, but not to the visible degradation.
I. Irradiation of a single crystal at high temperature caused a decrease in
visible transmission, but no effect in the IR. Irradiation at room tempera-
ture produced no observable degradation in either region.
IV. Model
A. The uv induced I-R absorption is attributed to bound donor states associated
with oxygen vacancies which reside at the particle surfaces. The prepon-
derance of evidence excludes a significant contribution by free carrier
absorption.
B. There are two possible explanations for the visible degradations
1. Localized changes in band gap due to lattice strain caused by interstitial
zinc, possibly segregating preferentially to dislocations.
2. A series of states above the valence band, increasing in density with
closeness to the valence band.
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V. Stabilization
A. Cu does reduce infrared degradations when placed substitutionally for the
Zn.
B. Cu does not increase or decrease the stability of the visible spectral region.
Vl. Recommendation of Topics for Further Study
A. The visible degradation process needs considerably more understanding.
Although the reason for the lack of increased stability in the cu-doped
samples is thought to be understood.
B. The copper treatment process must be optimized. The chief parameters
are:
1. The quantity of Cu added
2. The source of Cu
3. The temperature of treatment
4. The sequence of steps
5. The grinding process after calcining
6. The incorporation of the sta'^-;;ized pigment into the binder
7. The application of the paint
C. The process of stabilization in Z-93 and S-13G needs further study.
D. There were numerous points throughout the development of the model and
stabilization procedure that need clarification.
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Appendix
EXPERIMENTAL APPARATUS AND TECHNIQUES
A considerable number of experimental apparatus have been employed in the ZMO
studies. A detailed description of special equipmept is provided in the VAMMquent
sections. Special emphasis is placed on the apparatus for bidirectional reflectance
measurements during uv irradiation because it was designed and constructed  as a
pert of this study program. A section is also included on the various techniques used
In measuring electrical conductance of sintered powders.
Before proceeding to the description of special equipment a brief summary of the
principal commercial equipment employed follows. Reflectance spectra of particu-
late ZnO and ZnO coatings were measured with a Cary Model 14 for the wavelength
range 0.3 to 2.5 is except for a few inetaa►ces when a Beckman DK-2A was used.
Both spectrometers have a MgO coated integrating spbere for the measurement of
relative near-normal reflectance. For the range 2 to 2.5 µ reflectance spectra of
particulate ZnO were measured with a Giet-Dunkle heated cavity reflectometer
(described in Ref. 42 ). Visible and tear I-R transmission spectra of single crystals
were measured with either a Cary Model 14 or a lab-assembled unit employing a
Perkin-Elmer monochromator for the 2 to 8 p region the latter spectrometer was
used with a Au -doped tae detector and globar source.
All uv radiation was produced by a 1-kW PEK Labs A-H6 mercury-argon high-
pressure arc lamp. This source is rich in short wavelength light, as the well-kw"
mercury emission spectrum predominates. The lamp is a poor solar simulator, which
is of considerable importance for engineering work, but is irrelevant 1br work described
in this report.
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A.1 APPARATUS FOR SPECTRAL BID.':ECTIONAL REFLECTANCE
MEASUREMENTS DURING ULTRAVIOLET IRRADIATION IN VACUUM
The effects of the space environment on the optical properties of materials are
generally evaluated by exposing materials to a simulated environment and measuring
the preexposure and postexposure optical properties using standard optical instru-
mentation. This approach permits selection of the measuring technique best suited
to definition of the operational parameters required of the optical material. However,
such "static" test data (i.e., with pretest and posttest measurements only) cannot
account for possible postexposure recovery of the damaged material during the period
preceding the final optical measurements. Exposure to ultraviolet or high-energy
radiation in vacuum generally reduces the solar reflectance of white paints; this
damage is known to recover upon exposure of the irradiated specimens to air.
Previous work at Lockheed Missiles & Space Company also indicated that white
metallic oxide pigments without a surrounding paint binder might recover quite
rapidly. Furthermore, such recovery could occur in vacuum upon cessation of
irradiation. It is evident that precise information on ultraviolet degradation of these
materials can be assured only by optical property measurements performed in vacuum
both during and after irradiation (i.e., in situ).
S
The in situ measurement of directional reflectance during ultraviolet irradiation can
be performed directly by employing an integrathig sphere located within the vacuum
and ultraviolet exposure chamber. This is difficult, however, because the standard
highly reflective, diffuse integrating sphere coatings are not suited for use in high
vacuum due to their high water content, and because the sphere cannot be exposed to
the damaging radiation because the reflectance of the sphere coating usually degrades
under vacuum-ultraviolet irradiation. The latter problem can be avoided by locating
the integrating sphere adjacent to the sample irradiation position. Reflectance measure-
ments can then be performed by translating the sample out of the damaging radiation
beam and into a measurement position while vacuum is maintained. Such procedure
raises the question of whether significant recovery of the directional reflectance has
occurred between the cessation of irradiation and the directional reflectance meas-
urement. This is a possibility at vacuum pressures compatible with the maintenance
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of an integrating sphere coating, particularly at elevated sample temperatures.
Because this apparatus was constructed for basic material degradation investigations
in which the occurrence of such a recovery would be of considerable importance,
a major design goal was the capability of measuring reflectance during and immedi-
ately following termination of irradiation. Primarily because of the latter considera-
tion, the difficulties inherent in the use of an integrating sphere were circumvented
by resorting to the in situ measurement of bidirectional reflectance. The use of
bidirectional reflectance measurements to infer changes in directional reflectance
due to radisdon degradation requires that the bidirectional and directional reflectances
are related by a constant factor and that the directional distribution of reflected energy
does not change significantly during radiation damage. The former requirements will
be discussed in the "Principles of Measurement" sub-section, and the latter in the
"Discussion" sub-section.
A. 1.1 Description of Apparatus
A sketch of the apparatus is shown in Fig. A-1. In the center of the picture is the
cylindircal vacuum chamber with an electronic high-vacuum pump mounted below it.
A liquid nitrogen cold trap is located in the lower portion of the chamber. Chamber
pressures of 10 -6 to 10-8 Torr are maintained during ultraviolet irradiation of typical
thermal control materials.
On the top of the chamber are mounted the ultraviolet irradiation source and its
convection-cooled housing, with an automatic lamp-intensity monitor. The housing
is constructed to accommodate xenon, mercury-xenon, or mercury-argon ultraviolet
arc lamps, either air- or water-cooled. Ultraviolet radiation enters the chamber
through a Suprasil (Engelhard Industries, Inc.) window 102 mm (4 in.) in diameter
and 12.7 mm (1/2 in. ) thick, located at the center of the removable top plate. The
lamp-to-sample distance can be varied from 85 to 400 mm (3-1/4 to 15 in.) to achieve
the nominal ultraviolet irradiation flux density desired. The location of the lamp
cannot be changed during operation.
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Material samples are mounted on a horizontal 76 mm, (3 in.) diameter stainless-steel
table located 51 mm (2 in.) below the Suprasil window. Attached to the table are
cooling coils and an electric resistance heater for sample temperature control over
the range -195° to 300°C. Sample and table temperatures are monitored with thermo-
couples throughout the test. The table can be translated to extract samples from the
region of ultraviolet illumination or to locate alternate samples for in situ optical
measurements.
The radiant source for spectral bidirectional reflectance measurements is a 1000-W
tungsten lamp located in an air-cooled housing at the left of Fig. A-1. The lamp
output is focused at the end of one light pipe (at the left in Fig. A-1) and interrupted
by a 20-cps synchronous motor-driven chopper. The quartz light pipe penetrates the
vacuum chamber wall and projects the chopped energy onto the sample. Energy
reflected from the sample and striking the end of the second light pipe is collected
and transmitted to a collimating lens and then passed through a monochromator.
The monochromator is a Bausch and Lomb Grating Monochromator with interchange-
able gratings and variable slits which can be used over the range 0.18 to 3.2 /1.  The
reciprocal linear dispersions for the gratings of the monochromator are 64 A/mm of
exit slit width for the range 0.35 to 0.80 it 128 X/mm for 0.7 to 1.6 µ ; and 256 A/mm
for 1.4 to 3.2 y . Generally, the exit slit width is fixed at 0.2 mm for all wavelengths
throughout the region 0.35 to 2.4 p for measurements taken with this system. The
dispersed signal is finally measured by a photodetector. The photodetectors used
are a RCA 7200 photomultiplier for the range 0.35 to 0.7 µ and a Kodak lead sulphide
photoresistor for the range 0.7 to 2.4 p. The output of the detector is amplified by
a narrow-frequency band, phase-sensitive amplifier (Princeton Applied Research
Lock-In Amplifier Model JB-5) and recorded on a milliampere chart recorder.
Incorporation of the narrow-band amplifier in conjunction with the mechanical light
chopper permits measurement of only the reflected energy that originates from the
tungsten source. The high-intensity ultraviolet irradiation (damage source), which
is predominantly direct current with a significant 120-cycle harmonic, is reflected
from the sample and measured by the detector. However, this background, which
has no 20-cps component, does not significantly affect the amplifier output signal
level.
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In the absence of a focusing lens, the energy incident on the sample diverges from
the source light- pipe sufficiently to strike nearly all of the 25-mm diameter sample.
Because of the index of refraction for quartz, the receiver light pipe collects and
transmits energy reflected from a large part of the sample surface. The patterns of
Fig. A-2 show the approximate portions of the sample surface from which the detec-
ted energy is reflected for near-specular and near-diffuse surfaces with the light pipes
aligned for measurement of specular reflectance. The patterns are circular because,
they were obtained using a series of circular masks. Measurements using different
mask configurations have shown that the profile lines on the sample surface of equally
detected signal strength would be nearly circular. For a well-defined measurement
of bidirectional reflectance, the directions, areas, and solid ranges involved in
both incident and reflected beams must be accurately specified. It is evident
from Figs. A-2 and A-3 that the detected signal is reflected from an area com-
parable to the distrances between light pipes and the sample. Consequently the
solid angle for the incident and reflected beams cannot be precisely defined. However
E
(a) Energy Reflected From	 (b) Energy Reflected From
Specular Surface	 Near-Diffuse Surface
Fig. A-2 Reflection Intensity Patterns for 1-in. -Diameter Sample.
Numbers represent percentage of total detected energy
reflected from area within circle
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C
5 MM DIAMETER	 I
QUARTZ-1	 lT
- t-^--+
'^--1 in. DIAMETER
c
PLAN VIEW
Sample may be repositioned by
rotation around axis C for non-
specular measurements.
REFLECTED	 INCIDENT
ENERGY	 ENERGY(CHOPPED)
TO MONOCHROMATOR	 SAMPLE
AND DETECTOR
SIDE VIEW
Light pipes are repositioned by
rotation around axis A or B for
nonspecular or transmission
measurements.
Fig. A-3 Schematic of Light-Pipe Geometry in Position for Specular
Bidirectional Reflectance Measurement
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this is not a limitation for present purposes, which require only that there be a con-
stant relationship between bidirectional and directional reflectance. In the
"Principles of Measurement" section, it will be shown this condition requires con-
stant incident and reflected angles, but does not require well-defined, small solid
angles.
The 5-mm-diameter quartz light pipes are rigidly and concentrically mounted in
shorter stainless tubes that are supported in rigidly mounted bearings inside and
outside the chamber. The tubes pass through the chamber wall inside flexible stainless-
steel bellows. This configuration allows the light pipes to be rotated about their
centerlines but prevents disturbance of optical alignment during chamber pumpdown
or return to ambient pressure. The sample table is mounted on similar supports so
that the table can be rotated about an axis lying in the face of the sample and normal
to the plane of the light pipes. As a result, through proper manipulattion of the light
pipes and sample table as indicated in Fig. A-3, the following measurements can be
made: 1) spectral bidirectional reflectance for the specular and nonspecular cases,
and 2) direct beam transmission measurements for angles of incidence of 45° to 90*.
All of the movements of the light pipes and sample table can be accomplished while
the chamber is maintained under high vacuum. Consequently, in situ measurements
of sample transmittance and bidirectional reflectance can be performed with the
ultraviolet source on or off and under vacuum, selected atmospheres, or ambient
pressure conditions.
A. 1.2 Principles of Measurement
Consider an elementary beam of unidirectional, unpolarized energy, P(6 i , o i) , inci-
dent on a reflecting surface as shown in Fig. A-4. The directional reflectance of the
surface, p(Bi , oi) , is equal to the fraction of P(B i , O i) reflected back into the hemi-
spherical space above the surface element. The directional reflectance p(©i, 0i) can
be expressed as the integration of the reflected energy distributed over the hemi-
spherical space above the surface:
27r 7r/2
Oi l od = J Jo r(Bi ' oi ' er' 0r) sin8r dor d@r	(1)0 
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Z
Fig. A-4 Spatial Coordinates for Incident and
Reflected Elementary Beams
Equation (1) defines the bidirectional reflectance, r(8i' Oi l Or' Or) ' which gives the
fraction of energy incident in direction 8 i , i which is reflected in the direction
0r , Or through the solid angle 612 r . The intensity of reflected energy I(8i' O i l er' Or)
is related to the bidirectional reflectance by
I(8i , oi, 8r , Or) coser = r(Bi , O i , er , $r)	 (2)
For a perfectly Lambertian surface, by definition, the reflected intensity, I, is con-
stant for all Br , Or . For this case, Eq. (1) yields
P(e i' 0 1) = 7rI(8i' Oi)	 cos8r r(@i, Oi)	 (3)
For a perfectly specular surface, for which r = 0 for 8 r ;d ei' Or # 0 1 + T' the
bidirectional reflectance is given by
Oil Oi) = r(ei, 01, Or = OP Or = 01 + 'r)	 (4)
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In both the diffuse and specular cases and for an appropriate and constant B r and 0r ,	
=a
the bidirectional reflectance is related to the directional reflectance by a constant
factor. It is evident that, for a real, opaque surface that has a specular component
of reflectance which is a small fraction of the directional reflectance, the bidirec-
tional reflectance is still related to the directional reflectance by a constant factor.
If rad?ation damage to a material changes the magnitude but not the directional dis-
tribution of reflected energy, then the bidirectional reflectance will continue to be
related to the directional reflectance by the same constant factor. This is the basis
for use of the bidirectional reflectance measurement technique for in situ measure-
ments of ultraviolet damage to material optical properties.
A. 1.3 Measurement Procedure
The spectral bidirectional reflectance is determined by detecting the spectral energy
reflected from the sample and collected by the receiver pipe, E(A) , with the light
pipes in the positions shown in Fig. A-3. Then the source pipe is rotated about its
axis so as to view the receiver pipe directly with the sample table withdrawn. The
spectral energy E0 (A) detected in the latter alignment is termed the reference energy.'
The reference energy is measured each time a bidirectional spectrum is measured
in order to account for any changes in tungsten lamp output, detector sensitivity,
or transmittance of the optical components. The ratio of the reflected spectral energy
to the reference spectral energy, E(A)/E 0 (A) , is proportional to the spectral bidirec-
tional reflectance.
The absolute value of this ratio has no significance because, in the detection of both
the reflected and the reference energy, no attempt is made to evaluate the losses
through the optical system. However, these losses are constant fractions of the
detected signals, and therefore the ratio of the reflected and reference signals will
be proportional to the spectral bidirectional reflectance. This ratio, herein termed
the spectral bidirectional reflectance, is therefore in turn related to the spectral
normal reflectance by a proportionality factor. This factor is established by nor-
malizing the initial spectral bidirectional reflectance so that it equals the initial
spectral normal reflectance of the sample as measured on a Cary Model 14
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spectrophotometer with an integrating sphere attachment. For the normalization
procedure it has not been necessary to use a different proportionality factor for
each wavelength at which measurements are made. It has been found that one pro-
portionality factor is required for the wavelength region in which the photomultiplier
detector is used, and another (usually slightly different) is required for the wave-
length region in which the photoresistor detector is used. The need for two factors
is apparently due to the differences in variation of photosensitivity over the two
detector surfaces.
Using the proportionality factors determined by equating the initial spectra, all
succeeding spectra of a material are presented as in situ measurements of the normal
reflectance as it changes due to environmental degradation or recovery. The succeed-
ing spectral normal reflectances values pBj)R (A) inferred from the ratio of reflected
to reference energies are given by the expression
pBDR(A) E ) PT( n) 0(A))	 (5)o	 An i
where pN(A) is the spectral near-normal reflectance determined by the Cary spec-
trophotometer with integrating sphere, E(A) is the spectral reflected energy, EON
is the spectral reference energy, i denotes values obtained prior to environmental
exposure of the sample, and n denotes the wavelength(s) at which the bidirectional
and normal reflectances are equated to obtain the proportionality factor(s). This
form of presentation of the in situ data depends on the validity of the assumption that
the ratio E(A)/E0(A) remains proportional to the near-normal reflectance of a
material during its exposure to ultraviolet degradation and recovery effects.
In the normal test procedure, a series of bidirectional reflectance spectra are
measured beginning prior to chamber pumpdown. The series includes several
spectra taken before and during irradiation and following irradiation before and after
the chamber is reopened to the atmosphere. This procedure provides valuable
information on the rats of radiation damage and on the recovery from damage in
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vacuum and air or other atmospheres. The measurement of each bidirectional reflect-
ance spectrum, including the associated reference spectrum, requires approximately
half an hour, depending on the wavelength interval required between spectral measure-
ments for adequate definition of the spectral bidirectional reflectance. This is a long
time relative to the rate of recovery from damage for some materials when oxygen
is readmitted to the chamber. To observe the kinetics of damage and recovery, the
bidirectional reflectance is monitored continuously at one wavelength during important
events such as the beginning or end of irradiation or the admission of air to the chamber
following irradiation. This procedure does not provide a complete description, but
valuable information is obtained if the wavelength to be monitored can be selected with
some knowledge of the material under test.
A. 1.4 Measurement Uncertainties
For this measurement technique, two types of uncertainties are of primary interest.
The first concerns the relationship between the .optical properties measured by this
apparatus and the optical properties of engineering importance: directional reflectance
or transmittance. This question is considered in the "Discussion" sub-section. The
second relates to measurement reproducibility and precision. If the approximate
bidirectional reflectance measured can be quantitatively related to the normal reflect-
ance, then the reproducibility of the data is dependent on the repeatability of the
optical system. The factors that affect repeatability are discussed here, and the
results of an experimental uncertainty investigation are reported.
Alteration of the optical alignment which results in significant errors can occur in
several ways. The measurement technique requires the frequent translation of the
sample table and rotation of the source light pipe. Mechanical stops are provided to
Insure that these components are held in proper position. Likewise, the detectors
must be interchanged frequently, so stops are provided. The manual adjustment of
the monoehromator grating must be accomplished without stops, and hence operator
care is the only assurance that grating positions will be repeated.
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The most serious effect on optical alignment was found to be the danger of lateral
light pipe movement resulting from the changing differential pressure forces that
occur during both evacuation of the chamber and readmission of air to the chamber.
This effect has been minimized by employing rigid light pipe supports and has been
checked by monitoring the reference energy signal E 0(k) during the large changes in
chamber pressure. The most effective insurance against this movement has been to
start all measurement sequences when the chamber has been roughed down to a
pressure below 1000 µ , by which time all movement due to pressure forces will have
occurred. Likewise, all tests are terminated following irradiation and recovery
measurements when the chamber has been repressurized to about 1000 µ . It has
been verified that at this pressure the partial pressure of oxygen is sufficient to
provide almost the equivalent recovery effects of ambient pressure oxygen on the
materials investigated to date.
The repeatability of the optical source, detector, and amplifier is maximized by
using a voltage-regulated power supply. In addition, long-term changes in the
tungsten source output, light pipe transmittance, and detector response are accounted
for by measuring the reference spectral energy %(A) as part of each reflectance run.
Because the system has a single beam, short-term changes cannot be accounted for.
For the wavelength region measured to date, fixed entrance and exit monochromator
slits have been used. Hence, slit width variations, which are a source of nonrepeat-
ability, are avoided.
Because of the number of factors that influence repeatability, an experimental
uncertainty evaluation is preferable to a theoretical uncertainty analysis. Consequently,
such an experimental investigation was performed to evaluate the cumulative uncer-
tainties due to all the factors described. A series of 30 reflected and reference energy
measurements was performed at two representative wavelengths over a period of one
day. Between measurements, all movable optical components were moved and reset.
Periodically, the instrumentation and tungsten source were turned off, cooled, and
turned back on to thermally perturb the system. The results are presented in
Fig. A-5, where the number of readings taken is related to their percentage deviation
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Fig. A-5 Repeatability of Bidirectional Reflectance Meas-
urements Indicated by Distribution of 30
Measurements
from the average of all readings. It can be seen that the repeatability of the system
due to random errors is approximately ±2%.  The only significant source of error
attributable to the setting of movable components was that caused by the setting of the
monochromator grating. If reasonable care is not exercised, variations in mono-
chromator setting can cause an increase of random error to approximately ±4%.
A potential cause of serious systematic error is the influence of the ultraviolet source
on the detector output. The narrow -band amplifier effectively eliminates the direct
effect of the component of detected energy which originates from the high-intensity
ultraviolet source and is reflected into the receiver light pipe from the sample, i. e. ,
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all but the signal resulting from the 20-cps reflectance source is filtered and elimi-
nated. Of course, the detector itself actually sees both the energy from the reflect-
ance source and that from the damaging ultraviolet source. The reflected energy
of the ultraviolet source is so intense relative to the 20-cps signal from the reflect-
ance source that it significantly shifts the operating point on the photomultiplier
response curve. Generally, this shift is large enough to result in a change in photo-
multiplier amplification and, hence, an apparent change in sample reflectance. This
apparent change can be reliably accounted for over the major portion of the visible
wavelength and does not appear in the infrared wavelength regions. However, at
wavelengths coincident with high-intensity mercury emission lines, the data taken
with the ultraviolet source on have been found to be generally unreliable and therefore
are not recorded.
A. 1.5 Experimental Results
Normalized bidirectional reflectance spectra are shown for a specular surface in
Fig. A -6 and a near-diffuse surface in Fig. A-7. In both cases, only two normalizing
constants were used to superimpose the bidirectional spectrum on the normal reflect-
ante spectrum: one for the 0.35- to 0.70-µ region and one for the 0.70- to 2.4-µ
region. Surfaces of intermediate directional properties, such as a glossy white paint
that scatters most of the reflected energy diffusely but has a significant specular
component due to front surface reflection from the binder, have been measured with
equal success. For these surfaces, better results were obtained by rotating the
receiver light pipe significantly away from the specular component. At the specular
angle during ultraviolet irradiation the nondegrading front surface specular reflectance
is sometimes large enough to mask the degradation of the directional reflectance,
particularly near the absorption band edge of metallic oxide pigments. This can occur
even if the specular component is a small percentage of the total reflected energy.
At an off-specular angle, good correlation between the changes in directional and
bidirectional reflectance due to ultraviolet degradation has been achieved.
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Even if in situ optical measurements are performed, there remains the possibility of
material recovery under high vacuum, if the measurements are not performed during
irradiation. To investigate this possibility bidirectional reflectance measurements
are normally performed both during ultraviolet irradiation and immediately after
cessation of irradiation. Results on all materials investigated to date indicate that
their recovery in high vacuum after irradiation is slight, even for periods of 24 hr.
Therefore, accurate in situ data could be obtained on many materials without per-
forming the optical measurements during irradiation. This means that it would be
feasible to employ an integrating sphere to which the sample could be translated for
measurement at selected times during the irradiation period.
A. 1.6 Discussion
The critical consideration in determining the validity of the bidirectional reflectance
technique is whether a change in bidirectional reflectance of an opaque surface can
with assurance be attributed to a change in total absorption, rather than to a change in
the directional distribution of the reflected energy. All of the diffuse surfaces
investigated to date are aggregates of particles of submicron size with and without
binders; such samples reflect radiation by the process of backscattering. These
surfaces are near-diffuse with a small specular reflectance component. For all but
highly grazing angles, it has been found that the bidirectional spectral reflectance
is directly proportional to the near-normal spectral reflectance over the range 0.35
to 2.4 p. This proportionality will be maintained during and after irradiation only if
the damage does not affect the directional distribution of reflected energy.
Consider, first, scattering from a single spherical particle. The spatial distribution
of scattered energy of a given wavelength is controlled by the particle size, the real
index of refraction, and the extinction coefficient of the material. The particle
geometry can be assumed to be unaffected by radiation; a very large number of
atomic displacements would be required to produce a detectable change. The real
index of refraction is controlled by the largest energy gap in the material band struc-
ture. Although this gap is not expected to change under ultraviolet irradiation,
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scattering calculations were performed for the maximum range of real index changes
considered possible due to irradiation of metal oxide particles. The resulting effect
on the scattering pattern was insignificant.
The extinction coefficient, on the other hand, is expected to vary under irradiation.
Calculations of maximum anticipated changes in extinction coefficient have been per-
formed for selected pigments. It was found that changes in the scattering pattern
caused by changes in extinction coefficient are second order compared with the changes
in energy absorbed. Thus, for a single particle it can be shown that changes in
directional distribution, if any, are small compared with changes in absorption pro-
duced by ultraviolet irradiation.
Because of the complexity of multiple-particle scattering, no analysis has been found
which provides an explicit answer to the question for aggregates of particles. How-
ever, it appears unreasonable to expect the directional distribution of reflected energy
to change under irradiation, if the particle spatial distribution is unaltered and the
scattering pattern from each particle follows the behavior just described. This extra-
polation to the multiple-particle case is substantiated by the experimental data obtained
on sintered zinc oxide in the bidirectional reflectance apparatus. The posttest near-
normal reflectance determined with a spectrophotometer and associated integrating
sphere has repeatedly been found to agree with the final bidirectional reflectance
measured after irradiation and posttest recovery. Either the changes in the direc-
tional distribution of reflected energy during irradiation and recovery were small com-
pared to the changes in adsorption or any change in directional distribution during
irradiation was exactly reversed during recovery. The latter explanation for the
agreement of the two posttest spectra seems most implausible.
A number of improvements of the apparatus are presently being considered. The
existing optical system is limited to the wavelength region 0.35 to 2.4 p by the use of
a tungsten source and quartz light pipes. This region can be extended further into
the infrared by employing light pipes or fiber optics of greater infrared transmittance.
Candidate light pipes and infrared fiber optics are becoming generally available. To
It
extend the region further into the ultraviolet would probably require the use of a
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mercury arc lamp. Arc lamps do not have the steady output characteristics of a
tungsten lamp, and so difficulties in repeatability would be incurred if a single-beam
optical system were used. This presents the desirability of modifying the optics to
incorporate a double-beam system in conjunction with a recording spec'^rophotometer.
Such a system would provide continuous referencing to account for short-term varia-
tions in the system performance. It would provide more rapid spectral measurements
and consequently more detailed information on the kinetics of radiation damage and
subsequent recovery in air. Finally, it would provide continuous spectral data rather
than the discrete wavelength data provided by the present apparatus. This would
enable the investigator to observe the radiation effects on materials through analysis
of fine spectral structure.
In summary, the apparatus 6sscribed herein enables the measurement of spectral
bidirectional reflectance and transmittance in situ, during and after the exposure
of the sample to intense ultraviolet irradiation, in vacuum, at controlled sample
temperatures. The measured approximation of bidirectional reflectance can be deter-
mined for both specular and nonspecular surfaces, throughout the wavelength range
of 0.35 to 2.4 y. These data could be directly related to the normal spectral reflect-
ance data obtained with the Cary Model 14 spectrphotometer and associated integrating
sphere by the use of two wavelength independent normalization constants, one for the
0.35- to 0.7-p range and another for the 0.7- to 2.4-1A range. The wavelength limits
correspond to the two detectors employed. The measurement reproducibility of the
apparatus is f2%. Sample temperatures are controllable from -195 0
 to +300°C.
Pressures can be varied from 1 atm to 10-8
 Torr. The basic apparatus, with modifi-
cation, can be used in conjunction with exposure chambers allowing observation of
sample behavior during bombardment by ultraviolet, gamma, and particulate
radiation.
Bidirectional reflectance data have been ob'..a.ined for the following materials: 1) sin-
tered zinc oxide, 2) vapor deposited alurainum with a thin SiOx overcoat, 3) a ZnO
pigmented silicone paint, 4) a TO  pigmented eposy paint, and 5) a TO  pigmented
silicone paint.
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The in situ bidirectional reflectance data on irradiated zinc oxide pigment and coatings
demonstrate the rapid and extensive effects of posttest recovery. Consequently it is
apparent that significant degradation phenomena are unobservable if irradiated mate-
rials are exposed to air prior to posttest optical measurements. Thus the measure-
ments technique described herein provides amuck-needed tool for both fundamental
and engineering studies of the effect of radiation on the optical properties of materials.
A.2 NORMAL REFLECTANCE ULTRAVIOLET IRRADIATION APPARATUS
A second device for making in-situ optical measurements has been designed and built
by Lockheed. It utilizes the integrating sphere attachment on the Cary Model 14 for
making optical measurements, rather than the light pipes used in the bidirectional
reflectance apparatus.
Figure A-8 is a schematic representation of this device. The chamber is small
enough, and the valving is such that it is possible to leave the ion pump on at all
times. When it is desired to change samples, the high vacuum portion is sealed off,
the rest of the chamber brought to atmospheric pressure, the samples changed, and
the sample chamber roughed down once again. Since the volume of the sample chamber
is small as compared to the rest of the chamber, it is possible to open the valve to the
high-vacuum portion, when the sample portion has been roughed to a sufficiently low
presure, without causing the ion pump to revert to a start-up glow discharge and con-
sequently produce charged particles.
Optical measurements are made with this device as follows. The samples are held
very close to the inside surface of the Suprasil window through which they are
irradiated and measured. The window, and thus each sample, is placed against the
port in the integrating sphere in the Cary spectrophotometer. A normal reflectance
	 -
measurement is then taken in-situ of each sample through the window of the chamber.
It has been found that this method is highly reliable if samples (such as sintered ZnO)
are used that do not contaminate the window. The optical data are corrected for
absorption and reflectance of the Suprasil window.
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Irradiation of the samples is also performed through the window. A test is conducted
by irradiating the samples for a period of time, interrupting the irradiation to make
reflectance measurements, then resuming irradiation. This procedure is repeated
until the desired amount of irradiation has taken place.
There are several differences between the normal reflectance and the bidirectional
reflectance uv exposure apparatus which may affect uv degradation results. These
differences are enumerated here and will be mentioned in the relevant sections of the
discussion on experimental results:
1. The normal reflectance apparatus can be operated without exposing the
sample to ion bombardment resulting from ion pump start-up. Hence,
particularly the sintered samples are in a different pre-irradiation condi-
tion than those irradiated in the bidirectional reflectance apparatus. The
exact nature of the effect of ion bombardment of the particle surfaces is not
known; an increase in dark conductivity is observed along with a decrease
(N 10%) in infrared reflectance. No ion effect is observed for organic coating
systems, presumably because of a rapid static charge accumulation in the
silicone surface which repels further bombarding ions.
2. The normal reflectance measurements and the degrading irradiation are
accomplished with the same window, so delays between damage and meas-
urement in high vacuum are necessary. The possibility of rapid recovery
in dark and vacuum exists, but measurements for ZnO in the bidirectional
apparatus show this recovery to be slow and small.
3. The use of the same window for damage and measurement introduces the
possibility of window contamination due to products of irradiated material
outgassing. This is not a problem for sintered ZnO, but can be for a Zn0
silicone coating.
4. The technique for sample mounting may result in marginal cooling at high
irradiation intensities, and the small sample compartment makes monitor-
ing of sample temperature unfeasible. Hence some doubt exists regarding
sample surface temperatures during high intensity irradiation, even though
the sample mounting block is well cooled by circulating water.
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A. 3 STATIC ULTRAVIOLET EXPOSURE APPARATUS
The static ultraviolet exposure chamber is a water-cooled stainless steel bell jar
14 in. high and 14 in. in diameter. The 1-in. diameter samples are mounted on a
water-cooled, semi-cylinder copper sample holder concentric with the ultraviolet
source and at a distance of 3.8 in. which results in nominal irradiances of 10 suns of
ultraviolet energy. A flux density of 1 sun of ultraviolet energy is defined as the flux
density of extraterrestrail radiation at 1 AU from the sun, in the wavelength interval
0from 2000 to 4000 A. At these flux densities the sample temperatures were maintained
between 40 and 70° C for all ultraviolet tests in this chamber. Thermal contact con-
ductance between the sample and the water-cooled copper sample holder was controlled
with individual mounting frames which pressed the back face of the sample against the
copper. Vacuums are established prior to initiation of ultraviolet exposure with
cryogenic sorption roughing pumps and an electronic high vacuum pump to avoid
potential oil contamination problems. The chamber pressure is typically 2 x 10-7
Torr in the last portion of an exposure period and before the lamp is started. At the
beginning of the exposure period the pressure typically rises to 1 x 10 -5 Turr,
because of the relatively high 'but gassing" of zinc oxide under irradiation.
The source of ultraviolet energy is a 1-kW A-H6 (PEK Labs Type C) high-pressure
mercury-argon capillary arc lamp. Approximately 35% of the lamp's radiant output
0
is in the interval from 2000 to 4000 A . The total output of the lamp is in the interval
02000 to 26, 000 A. The lamp is water-cooled and has quartz water jacket and velocity
tube. This assembly is lowered into a quartz envelope extended into the exposure
chamber from the top. The assembly can be withdrawn to change lamps without dis-
turbing the established vacuum. Unless a lamp ruptures, it is run for 100 hr and then
repiaced. Each test is begun with a new lamp. This procedure is followed because
0
the A-H6 output decreases with time more in the 2000- to 3000 -A interval than in the
e3000- to 4000 -A
 interval. Therefore, for materials which are degraded primarily by
energy of wavelengths less than 3000 X, an old lamp will produce less degradation
than a new lamp for the same total ultraviolet exposure, expressed in sun -hours.
Some control over this effect is achieved through following this standard replacement
procedure.
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The ultraviolet intensity is monitored external to the vacuum chamber with a calibrated
RCA 535 phototube in conjunction with a Cornir_g 7-54 filter, which transmits only the
near ultraviolet output of the lamp. The output of the phototube is automatically
measured and recorded for a few minutes each hour with a recording microammeter.
The intervening quartz window and 7-54 filter are periodically checked for degradation
In spectral transmittance and cleaned or replaced as necessary. When desired, a
Corning 0-54 filter is used to compare the intensity in the 2000- to 3000-A region to
that in the 3000- to 4000-A region as a measure of the relative degradation of lamp
output in the shorter wavelength regions.
The effect of ultraviolet radiation on the optical properties is evaluated by measuring
the spectral reflectance immediately before and after irradiation with a Cary Model 14
spectrophotometer and integrating sphere. In some cases a Beckman DK-2 spectro-
photometer and integrating sphere were used. Both instruments effectively measure
spectral near-normal reflectance, but require that the sample be exposed to atmos-
pheric conditions for measurement. In these cases recovery following irr^.3iation
cannot be evaluated.
A.4 ELECTRON SPIN RESONANCE APPARATUS
The ESR apparatus is used to detect the gyromagnetie ratio of an unpaired electron
by inducing transitions between the electron Zeeman levels, detecting these transitions
and visually displaying them. The detection of these transitions is not a difficult task
and there are many ways of doing it. For this purpose, the Varian 4500 EPR spectro-
meter was employed. This apparatus uses an impedance bridge system where the
oscillator is isolated from the load. Figure A-9 is a block diagram of this reflection-
type microwave impedance bridge system which employs a crystal detector. Since the
free electron precessicaal frequency is 2.8026 MHz/G, it is convenient to use x-band
microwave equipment (8,000 — 12, 00 MHz/sec) with an applied magnetic field in the
region of 3000 G.
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The source of microwave power is a klystron which delivers 1 - 2 mW to the cavity.
Using 100 kHz/sec magnetic field modulation one can detect 3 x 10 -3 AH moles of
electron spins where OH is the line width of the signal expressed in gauss. For
room temperature studies the source noise is the limiting factor for the signal-to-
noise ratio. For this reason, the ZnO studies were performed at 80° K.
The ZnO samples were prepared from SP-500 ZnO powder supplied by the New Jersey
Zinc Corporation. The powder was pressed at 600 psi into wafers (3 mm thick and
2 cm in diameter) and sintered in air at 6000 C for 30 min. The wafers were broken
into small fragments and shaped into cylindrical solid pieces (- 6 mm long and 1.5 mm
in diameter) with a surgical knife. Each sample was weighed and placed into a standard
Varian quartz sample tube (25 cm long and 4.75 mm in diameter). The sample tube was
then mounted on the end of a flexible vacuum line which afforded complete freedom
to move the sample into and out of the ESR cavity without disturbing the vacuum. A
portion of the quartz Dewar abo t e the cavity was unsilvered to permit uv radiation to
reach the sample.
The source of radiation consisted of a PEK A - H6 lamp housed in a water-cooled
jacket made of quartz. The total irradiance at the sample during irradiation was
225 mW/cm2 which is equivalent to 6.5 uv suns based on 36% of the total energy
content of the lamp spectrum in the range 2000 - 4000 A.
The sample was cocled by immersion in a bath of liquid nitrogen during irradiation.
The sample tube was raised just out of the cavity but remained in a quartz Dewar con-
taining liquid nitrogen. The uv radiation  passed through the Dewar and liquid nitrogen
to the sample. After irradiation the sample was lowered into the cavity with minimal
mechanical and thermal disturbances for measurement.
The sample was initially prl^pared and mounted in a quartz tube. In the presence of
air at 760 Torr. the spectrum was observed. Then the sample tube was evacuated to
10-5 to 10-6 Torr and re-measured. Following this step, the sample was raised to
the window level and irradiated for a time interval varying from 5 min to 2 hr depending
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on the particular sample being observed. After lowering the sample into the cavity,
the spectrum was re-measured. It was discovered that the peak-to-peak height of
the recorded first derivative curve decreased exponentially during the first 10 min
following the radiation treatment. This is attributed to the change in electrical con-
ductivity of ZnO induced by uv irradiation which takes 10 min to decay to a minimum
value. Since the altered electrical conductivity changed the Q of the cavity and
affected the balance of the microwave bridge, the measurement was postponed at
least 10 min following irradiation. This resulted in reproducible data and greatly
improved the accuracy of the measurements. This procedure of irradiation and
measurement was repeated at regular intervals. Other treatments include the addition
of air at 760 Torr in the absence of uv radiation, and re-irradiation of the ZnO in
the presence of air at760 Torr, and also at 10 -5
 to 10-6 Torr. For the most part,
the measurements were performed at 80° K since the room temperature spectrum of
ZnO was barely perceptible within the noise spectrum. It was also possible to
irradiate the sample through slits in the end of the cavity without removing the
sample.
For each treatment of the --ample, the peak-to-peak height and line width of the
recorded first derivative curve were measured for ZnO and an intermediate standard —
a ruby crystal mounted permanently within the cavity. Because the g-value of ruby is
anisotropic, it was possible to orient the crystal so that the ZnO and ruby resonance
lines were far apart.
The use of an intermediate standard permitted evaluation of the relative spin concen-
tration of the two systems. The absolute spin concentration of ruby was obtained by
comparing ruby to a dilute solution of manganous sulfate of known concentration.
This value (2.8 x 10 18
 spins) was then used to compute the absolute spin concentrations
of the ZnO resonance line.
The g-values for the ZnO resonance lines were obtained by measuring the magnetic
field displacements between the ZnO and dpph* resonance lines. From the g-value
used for dpph (2.0037) it was an easy matter to obtain the ZnO g-values.
*a -a I diphenyl -P -picryl hydrazyl
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In order to measure the magnetic field, a NMR Precision Gaussmeter* was used in
conjunction with a Hewlett-Packard 524B electronic counter (10 — 100 MHz). The
gaussmeter is designed to provide extremely accurate and rapid measurements of
constant or slowly changing magnetic field. As used here, the measurements were
based on proton resonance and yielded 0.01% accuracy.
A.5 TRANSIENT PHOTOCONDUCTIVITY APPARATUS
During the course of this investigation two experimental arrangements were employed
for the transient photoconductivity studies. The first system employed a 0.5-µsec
spark light source; the second scheme substituted a chopped (10 cps) light source for
the spark source. The chopped light scheme allowed a more accurate determination
of the decay time because of instabilities encountered in the base line when using the
spark source.
A. 5.1 Pulsed Light Photoconductivity Apparatus
The photoconductive response of Li doped ZnO initially measured by a method first
used by Haynes and Hornbeck in 1953 (Ref. 43). This experimental procedure was
later recommended as a standard by the IRE (Ref. 44). It involves a small sample
of the semiconductor with end contacts connected to a constant current source. A
flash of light, generated either electronically or with a mechanical chopper, is focused
on the sample and the changes in conductivity of the sample are measured as changes
in the voltage across the sample.
For accurate lifetime measurements, the following experimental parameters are
recommended:
• Peak conductivity modulation of about 10%
• The electric field across the sample should not be too large, to avoid
sweeping the carriers away and altering their distribution or so small
as to let diffusion effects predominate.
*Model G-501 Harvey-Wells Electronics, Inc.
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• Elimination of photovoltaic effects at the end contacts by masking
• Ohmic contacts
• Provision for background illumination to saturate those traps close to
the valence band or to optically pump these traps close to the conduction
band
• Rapid decay of the light source
The experimental arrangement, as used in ZnO is illustrated in the block diagram of
Fig. A-10. the light source and associated electronics consisted of a high voltage
(10 kV) power supply, the Abtronic Point Light Source which was an air discharge
spark gap and the Abtronic Time Delay Generator. The light source had a decay time
of 0.5 µsec. The purpose of the time delay generator was to delay the light flash for
a few microseconds after the time base of a Tektronic 581 oscilloscope had been
triggered.
The sample was mounted in a Sulfrian double Dewar, fitted with appropriate windows
to allow for the illumination of the sample. As well as being able to cool the sample,
it was also possible to heat the sample above room temperature by means of a heater
incorporated into the Dewar. The leads from the sample went through a vacuum seal
to a cathode follower (for impedance matching) and the output from the cathode follower
went to a Tektronic 581 oscilloscope. A 90 V d-c battery was used as the constant
current source and was connected across the sample. The light was focused on the
sample by using a focusing bellows and a condensing lens. When background illumina-
tion was required it was provided by a 6 V d-c tungsten lamp which was positioned to
illuminate the sample. Provision was also made for filtering the background
illumination.
A. 5.2 Chopped Light Photoconductivity Apparatus
The experimental arrangement, as used in ZnO, is illustrated in the block diagram of
Fig. A-11. The light source consisted of a 54 W tungsten lamp which was chopped at
10 cycles per second. The sample was mounted in a Sulfrian double Dewar, fitted
with appropriate windows to allow for the illumination of the sample. As well as
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being able to cool the sample, it was also possible to heat the sample above room
temperature by means of a heater incorporated into the Dewar. The leads from the
sample went through a vacuum seal to the bias supply which had a 0.1 to 1 Mil load
resistor in series with the sample. The photoconductivity was displayed on the
Tektronic 581 oscilloscope by measuring the change in voltage across the load resistor.
Background illumination was provided, through a Bausch and Lomb grating mono-
chromator, by a high-pressure xenon lamp.
A.6 ELECTRICAL CONDUCTANCE MEASUREMENTS ON SINTERED ZnO
A quantitative determination of electrical conductivity of particulate ZnO presents
many difficulties. Most important, the overall conductance is probably dominated by
charge transport over the particle surfaces which may be modulated by potential
barriers existing at particle interfaces. The absorption and desorption of oxygen
changes the carrier concentration throughout the particles and the potential barrier
height in the particle surface space-charge region; the resultant effect on sample
conductance is difficult to interpret. Consequently the electrical conductance meas-
urements or sintered ZnO must be interpreted with caution in a strictly qualitative
manner.
Because of the obvious difficulties outlined above, there has been no effort to establish
ohmic contacts to the sintered ZnO for conductance measurements. To eliminate the
errors due to barrier potentials at the contacts, a four-point probe technique has been
used. The circuit is shown in Fig.. A-12. The current conducted between the outer
probes due to an impressed DC voltage is measured. The resultant voltage difference
between the inner probes is measured with a high impedance (10 14 ohm) volt meter in
order to minimize the current through the voltmeter and therefore the error due to
the potential barriers at the voltage probe contact points. This circuit has been used
for all conductance measurements. Results are reported as the ratio of current to
voltage with no corrections for sample and probe geometry.
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Fig. A-12 Conductivity Measurement Circuit
All conductance measurements during uv irradiation were made in the bidirectional
reflectance apparatus with a crude laboratory-built four-point probe illustrated in
Fig. A-13. The metal probes make physical point contact with the sample surface
U-V radiation
Fig. A-13 Four-Point Probe Configuration
and are not masked from incident radiation so photovoltaic effects can occur. A
similar probe was used for spectral photoconductance measurements. The unmasked
point contacts proved to be noisy. For relatively high conductance samples, such as
uv damaged sample, the probe provided satisfactory results with diminishing small
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photovoltaic effects. However, these contacts proved unsatisfactory for conductance
measurements of high resistance copper doped ZnO. For all of the doped, sintered
ZnO samples contacts were prepared with small drops of silver paint (DuPont
Electronic Grade 4817) applied to the sample surface in a four-point probe configura-
tion. The paint was dried at room temperature. This technique provides masked,
quiet contacts which are presumably non-ohmic. No determination of non-ohmic
behavior has been made.
Spectral photoconductance measurements were performed in the apparatus depicted
in Fig. A-14. The sample is placed in a vacuum bell jar and measured both at
atmospheric pressure and high vacuum. Pressures attained are typically 10 -6 Torr,
using a liquid nitrogen trapped diffusion pump. Electrical, measurements on the
sample are made inside the chamber with a 4-point probe, while the sample is
irradiated monochromatically from outside the chamber through the Pyrex bell jar.
The uncertainty in the data arises from the fact that no attempt has been made to keep
intensity constant as wavelength is varied. The intensity of the tungsten radiation
source varies orders of magnitude within the spectral region studied. Therefore
changes of slope, or the shape of a curve should be approximately correct, but
comparison of magnitude throughout the spectral region cannot be made.
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